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INTRODUCTION 
Soybean (Glycine max (L.) Merr.) and sunflower 
fHelianthus annuus L.) are among the two most important 
economic crops in the world. This is not only because of 
their high oil contents, the oilseed cultivars containing 
about 38 to 50% and 20% oil for sunflower and soybean, 
respectively, but also because of their high protein contents, 
about 20% and 40% protein for sunflower and soybean seeds, 
respectively. Especially with the estimated world population 
projection of 6.5 billion by the year 2000, a dramatically 
increased protein, fat, and oil consumption to meet the 
demands for calories and nutrition indicates a need for 
increasing production of the two crops. 
Photosynthesis is a major factor determing crop yield. 
An understanding of biochemical and physiological processes in 
photosynthesis is vital to improve soybean and sunflower 
production. 
Environmental factors such as water, COg, and air 
temperature affect photosynthesis and finally affect yield of 
crop. Soybean and sunflower usually suffer some drought 
stress during their growing seasons. Water deficit affects 
vegetative growth as well as seed yield and quality. However, 
how water deficit affects the physiological and biochemical 
processes of photosynthesis in soybean and sunflower are not 
clear. So, the understanding of water deficit effects on 
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these processes will greatly help to identify the critical 
problem area in soybean and sunflower production. 
Air temperature affects leaf transpiration and soil 
evaporation, which alters physical and chemical conditions of 
soybean and sunflower. High air temperature, which is usually 
accompanied by drought stress, may cause yield reduction. 
Since COg is the only carbon source in photosynthesis, its 
concentration, especially internal COg concentration at the 
photosynthetic site in the leaf, also affects photosynthesis 
and may respond differently to environmental stress in soybean 
and sunflower. Understanding of the effects of environmental 
factors on photosynthesis and yield will provide important 
information for developing soybean and sunflower production 
strategies and also for identifying and developing new soybean 
and sunflower cultivars more tolerant to environmental stress 
and highly efficient in water use. 
Differences in photosynthetic rates between soybean and 
sunflower are well documented. Sunflower has a higher 
photosynthetic rate than soybean. A number of factors could 
be responsible for the differences. However, information 
obtained under water stress conditions is limited. So, 
understanding the relationship between water deficit and 
photosynthesis becomes my main goal. Understanding of water 
deficit effects on photosynthesis, as well as associated 
changes in photosynthetic parameters in leaves of both soybean 
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and sunflower, will be important to fully understanding the 
physiological differences in response to water deficit between 
soybean and sunflower, and important to improving the 
photosynthetic efficiency, productivity, and yield for both 
soybean and sunflower. 
Abscisic acid (ABA), a plant hormone, has been found to 
have both negative (inhibitory) and positive effects on many 
species. Although it is present in very low concentration in 
plant tissues, it, however, causes a number of physiological 
changes in plants, such as induction of dormancy, increased 
senescence and altered water transport capacity. In recent 
years, especially, many efforts have dealt with the relations 
between ABA, water stress, and stomatal action on 
photosynthesis. Although considerable information shows that 
ABA affects water transport, stomatal closure, and 
photosynthesis, the effects of ABA on theses is controversial. 
Therefore, more studies are needed to fully understand the 
effects of ABA on photosynthesis. In addition, comparative 
information regarding ABA changes during water stress in 
soybean and sunflower is very limited. 
Methods for extraction, purification, and quantification 
of ABA from plant tissues have developed rapidly in recent 
decades, especially with the use of high performance liquid 
chromatography (HPLC) and of gas chromatography linked with a 
mass spectrometry (GCMS). These make quantitation of plant 
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hormones more efficient and accurate. However, many of these 
methods were developed for non-green tissues such as seeds and 
fruits. Although some methods are used for green tissues, 
these methods take a long time, usually more than 24 hours, 
for the extraction, purification, and quantification of ABA. 
So, it is apparent that a simple, quick, efficient, and 
accurate method should be developed for extraction, 
purification, and quantification of ABA from plant tissues, 
especially from highly pigmented plant tissues, such as 
soybean and sunflower leaves. 
Therefore, the objectives of this study are the 
following: 
1) To determine the effects of water stress on 
photosynthesis and related parameters in leaves of soybean and 
sunflower and to see if, at equal water deficiency, the reason 
for greater photosynthesis by sunflower than by soybean is due 
to water relations in the leaf. 
2) To relate endogenous ABA to plant water status and 
photosynthesis and to compare the effects of water stress on 
ABA levels in soybean and sunflower leaves. 
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3) To determine the effects of exogenous ABA 
application on photosynthesis and related parameters of 
soybean and sunflower. 
4) To develop a simple, quick, efficient, and accurate 
method for extraction, purification, and quantification of ABA 
from soybean and sunflower leaves. 
5) To relate water potential, ABA, and photosynthesis 
in both soybean and sunflower. 
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LITERATURE REVIEW 
Relation of Water Stress to Photosynthesis 
Plants usually suffer water deficiency during growth and 
development periods. Water deficit causes many effects on 
plants, such as decreased shoot growth (Cavalieri and Boyer, 
1982), increased root resistance to water transport to the 
leaf (Boyer, 1971a), increased stomatal closure (Fischer et 
al., 1970), and decreased photosynthetic capacity (Boyer and 
Bowen, 1970; Cox and Jolliff, 1987). Presently, there are two 
explainations for the relation between water deficit and 
photosynthesis. They are: 
Nonstomatal effects on photosynthesis 
In recent years, many researchers have been interested 
in understanding how water deficit limits photosynthesis by 
nonstomatal effects, although the mechanisms controlling 
photosynthetic reduction are not clear. However, much 
information has been established, particularly, the effects 
the on photosynthetic photosystem. Mohanty and Boyer (1976) 
and Mooney et al. (1977) reported that quantum yield of 
photosynthesis was decreased at low water potential. 
Photorespiratory COg evolution was also shown to decrease at 
low water potential in wheat and sunflower (Lawlor and Fock, 
1975; Lawlor, 1976; Mohanty and Boyer, 1976). In addition, 
photosynthetic electron transport chain activity was inhibited 
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in plants subjected to water stress (Nir and Mayber, 1967; 
Boyer and Bowen, 1970; Fry, 1972; Keck and Boyer, 1974). 
Sharp and Boyer (1986) showed that the quantum yield for COg 
fixation as well as the rate of light- and COg- saturated 
photosynthesis were strongly inhibited at low leaf water 
potential. Newton et al. (1981) reported a decrease in 
chlorophyll a fluorescence emission of leaves as the water 
potential decreased. Lawlor (1976) found that water stress 
increased photorespiration and dark respiration as a 
proportion of net photosynthesis. 
On the other hand, recent studies by Berkowitz and Gibbs 
(1982) and Kaiser et al. (1981) showed that in isolated intact 
chloroplasts, osmotic dehydration did not significantly affect 
electron transport. Therefore, they suggested that the data 
obtained in vivo resulted from indirect effects of drought on 
photosynthetic electron transport. The loss in chloroplast 
capacity to fix COg was the result of water unavailability on 
chloroplast function and not on photoinhibition (Sharp and 
Boyer, 1986). In addition, Genty et al. (1987) reported that 
proton collection, their distribution between the 
photosystems, and PS II photochemistry are unaffected by water 
stress, and water stress did not induce sensitization to 
photoinhibition in cotton fGossvpium hirsutum L.). 
Furthermore, water stress-induced inhibition of the dark 
reactions of photosynthesis also has been reported. Jones 
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(1973) and O'Toole et al. (1976) showed an alteration of the 
carboxylation capacity by reduction in activity or levels of 
chloroplast enzymes during water stress of several days 
duration. Ribulose 1,5 bisphosphate (RuBP) regeneration may 
also be inhibited under water stress (Kaiser ahd Heber, 1981; 
Von Caemmerer, 1981). Farquhar and Sharkey (1982) also showed 
that the initial effect of water stress appeared to be 
reduction in the capacity for RuBP regeneration because the 
"RuBP saturated" region of the COg assimilation rate vs 
initial COg concentration curve was unaffected. In addition, 
water stress can cause xylem embolism (Sperry and Tyree, 
1988), which inhibits water transport from root to shoot. 
Stomatal effects on photosynthesis during water stress 
Stomatal movements provide the leaf with opportunity to 
change the COg both between atmosphere and at the site of 
carboxylation, and the rate of transpiration (Farquhar and 
Sharkey, 1982). Control of stomatal opening and closure is 
important to photosynthesis and its response to environmental 
stress. However, many factors affect stomatal movement and 
stomata responsed to many internal and external signals. Boyer 
(1976) reported that at low leaf water potential, 
photosynthesis can be reduced by stomatal closure, which 
increases the diffusive resistance to the entry of COg into 
the leaf. In addition, water stress-induced abscisic acid is 
the primary agent causing stomatal closure (Raschke, 1975; 
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Walton, 1980; Radin and Ackerson, 1982). But, Gollan et al. 
(1986) reported that stomatal conductance can depend directly 
on soil water status, because stomata of sunflower started to 
close as the soil water content decreased even though the leaf 
water status was maintained at a high level. The decrease in 
stomatal conductance can occur without a change in leaf water 
potential (Bates and Hall, 1981; Blackman and Davies, 1985). 
So, Munns and King (1988) concluded that a message from roots 
controls stomatal conductance. Furthermore, movement of K"*", 
Cl~, and organic solutes also affect stomata during water 
stress (Raschke, 1977; Schnabl, 1978). In addition, light and 
COg also affect stomatal movement. Guard cells respond to 
both light quality and flux density. Fischer (1968), Travis 
and Mansfield (1981) reported flux density-dependent increases 
in stomatal aperture in epidermal peels exposed to light in 
COj-free air. Sharkey and Raschke (1981) showed changes in 
stomatal conductance as a function of light quality and 
intercellular COg concentration. It is apparent that stomatal 
movement in response to water stress is complicated. However, 
it is clear that stomata impose a large limitation on 
photosynthesis, especially under water stress. 
Responses of Photosynthetic Parameters to Water Stress 
Changes in photosynthetic components under water stress 
are well documented. Vu et al. (1987) reported that moderate 
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to severe drought stress reduced the in vivo activation state 
of ribulose 1,5 bisphosphate carboxylase/oxygenase (rubisco), 
as well as lowered the total activity. They suggested that in 
soybean leaves, the rapid decline in canopy CER under drought 
stress conditions appears to be due, in part, to a reduction 
in the in vivo activation of rubisco, since the carboxylation 
step of photosynthesis is one of the major biochemical 
processes of carbon assimilation. Furthermore, working with 
orange (Citrus sinensis L.), Vu and Yelenosky (1988) also 
reported that water stress reduced leaf photosynthesis and 
rubisco activation and concentration. 
Since about 50% of leaf soluble protein is believed to 
be rubisco (Kawashima and Wildam, 1970; Kung et al., 1980), 
its relation to photosynthesis is well established (Hesketh et 
al., 1981; Secor et al., 1984). However, declines in leaf 
soluble protein has been shown during water stress (Vu and 
Yelenosky, 1988). In contrast to rubisco, some specific 
proteins are synthesized in response to water stress, because 
many mRNAs, polypeptides and in vivo translation products are 
synthesized in tomato leaves during drought stress (Bray, 
1988). 
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Optimum leaf temperature is important for 
photosynthesis. Low leaf temperature reduced assimilate rate 
by reducing activity of rubisco and the capacity for electron 
transport, while high leaf temperature also reduced 
photosynthetic rate by reduce electron transport capacity and 
increasing the rate of COg evolution from photorespiration 
(Farquhar and Sharkey, 1982). Scott et al. (1981) showed a 
linear relationship between leaf temperature and water 
potential. Leaf temperature of soybean increased linearly as 
water potential decreased. In addition, air temperature, 
relative humidity and wind speed also affect leaf temperature 
(Jackson, 1982). 
Leaf transpiration has large effects on leaf temperature 
because of its high cooling effects. However, transpiration 
is controlled by stomatal movements. Stomatal closure due to 
water stress decreased leaf transpiration, which in turn, 
increased leaf temperature and decreased photosynthesis 
(Beardsell et al., 1973; Ehrler et al., 1978; Teare and 
Kanemsu, 1972). 
Hesketh (1963) showed that species can vary greatly in 
rate of photosynthesis, but this variation is not related to 
variation of chlorophyll content. Kariya and Tsunoda (1972) 
also reported that the rate of photosynthesis was not 
necessarily related to chlorophyll contents, at least under 
high light. In addition. Vu and Yelenosky (1988) showed a 
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relative constant chlorophyll content during water stress. In 
orange leaves, the chlorophyll contents were 5.7, 5.9, 5.5, 
and 6.4 mg.g"^ leaf wt for stressed leaves and 5.9, 6.0, 5.8, 
and 5.9 mg.g~^ leaf wt in controls. Although there are 
controversial reports about the relation between chlorophyll 
content and photosynthesis, a positive relation is well 
documented. Nevins and Loomis (1970) showed that gross 
photosynthesis of sugarbeet (Beta vulgaris L.) was correlated 
positively with chlorophyll concentration. Bear and Schrader 
(1985) reported that CER was correlated with chlorophyll 
concentration. A rather good correlation between chlorophyll 
content and uptake in 48 field-grown soybean cultivars 
has been reported (Buttery and Buzzell, 1977). They showed 
that 44% of the variability in photosynthesis was due to 
variation in chlorophyll contents. 
Relations of ABA to Water Stress, Stomata, and Photosynthesis 
Origin of ABA 
Abscisic acid, since it was isolated in the 1960s, has 
been investigated extensively as to its origin, biosynthesis, 
metabolism, action model, and biochemical and physiological 
functions in plants. Considerable information has been 
accumulated over the past two decades. However, there are 
many questions related to ABA which are still unclear. For 
the origin and biosynthesis of ABA, much evidence indicated 
13 
that ABA is both synthesized and localized in chloroplasts. 
Loveys (1977) reported that 95% of plant ABA was in turgid 
leaf chloroplasts, although only 15% of the ABA was in wilted 
leaf chloroplasts. Heilmann et al. (1980) also showed that 
75-80% of the ABA in unstressed spinach leaves is in the 
chloroplasts. ABA appeared to be distributed between the 
chloroplast and the cytoplasmic fluids and its distribution 
depended on the pH differences between the two compartments. 
They concluded that the chloroplast membrane is permeable to 
undissociated ABA but highly impermeable to the anionic 
species. In addition, experiments showed that mevalonic acid 
(MVA) moved across the chloroplast membrane very poorly 
(Goodwin, 1965) and is poorly incorporated into ABA by plant 
tissues (Milborrow and Noddle, 1970; Milborrow and Robinson, 
1973). So, ABA was believed to be formed in the chloroplast 
(Railton et al., 1974). Moreover, evidence by others 
(Hartung et al., 1980; Hartung et al., 1981; Cowan and 
Railton, 1986) indicated that chloroplasts are not the site of 
ABA synthesis or catabolism, although a high percentage of ABA 
is trapped in the chloroplasts. 
Roots have been reported to be another place for ABA 
synthesis. An experiment by Zhang et al. (1987) showed that 
roots can synthesize ABA, which may be a signal involved in 
stomatal closure. Creelman et al. (1987) reported that ABA 
was synthesized in both leaves and roots of Xanthium 
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strumarium. The ABA formed in stressed roots of Xanthium 
incubated in showed a labeling pattern similar to that of 
ABA in stressed leaves. In addition, studies on ABA transport 
in xylem sap showed that ABA concentration in the sap 
increased in sunflower (Hoad, 1975) and in Ricinus and 
Xanthium (Zeevaart and Boyer, 1984) as soil dried. The ABA 
concentrations in the xylem sap was increased by about 50 
times to 5 X lO""® molar in wheat fTriticum aestivum L. ) plants 
when soil was dried (Munns and King, 1988). Hubick et al. 
(1986) also found that drought increased the ABA level in 
shoots and roots of intact sunflower and in root tips isolated 
from the same species (Robertson et al., 1985). It is 
apparent that ABA can be synthesized either in leaves or in 
roots, but, in unstressed conditions, most of the ABA is 
compartmented in leaf chloroplasts. 
Relations of ABA to Water Stress 
Water deficit often results in bulk increases in leaf 
ABA and the increases of ABA in response to water deficit are 
well documented (Henson, 1981; Raschke, 1982; Cornish and 
Zeevaart, 1985; Davies et al., 1986). Beardsell and Cohen 
(1975) reported that the critical water potential for 
increased ABA contents in excised leaves of corn (Zea mavs L.) 
and sorghum (Sorahum bicolor L.) is between -8 and -10 bars 
and between -10 and -12 bars in Ambrosia artemisifolia and 
Amborosia trifida leaves (Zabadal, 1974). Wright (1978) 
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showed that water deficit promoted the accumulation of ABA in 
many plant species and ABA levels in water-stressed tissues 
are usually 10 to 40 times greater than those found in turgid 
tissues. ABA accumulation is dependent on leaf water 
potential declining below a certain "threshold" level, usually 
around -10 to -12 bars (Hemphill and Turkey, 1975; Blake and 
Ferrell, 1977). In addition, studies with several plant 
species, led Pierce and Raschke (1978) to suggest that the 
critical component for the rise in ABA contents appeared to be 
turgor pressure. ABA level increased rapidly as zero turgor 
pressure was approached in Xanthium strumarium leaves. This 
agrees with Beardsell and Cohen's finding that the water 
potentials at which ABA begins to accumulate in corn and 
sorghum may correspond to zero turgor. Furthermore, Pierce 
and Raschke (1980) concluded that turgor is the critical 
component of plant cell water that controls ABA levels, i.e., 
loss of turgor is the signal that causes ABA accumulation. 
Relations of ABA to Photosvnthesis 
In recent years, understanding of the relation of ABA to 
photosynthesis has interested many researchers. There is 
considerable evidence that ABA can reduce the photosynthetic 
capacity of a leaf, which is independent of stomatal effects 
(Raschke, 1982; Cornic and Miginiac, 1983; Raschke and 
Hedrich, 1985; Sharkey, 1985; Bunce, 1987). However, as to 
whether ABA directly affects photosynthetic capacity of 
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mesophyll cells is still controversial. Gas exchange studies 
of intact leaves show depression of assimilation rate after 
the application of ABA. Terashima et al. (1988) reported that 
after ABA treatment, photosynthetic COg assimilation rate was 
markedly depressed in sunflower leaves at calculated 
intercellular partial pressure of COg, and the apparent non-
stomatal inhibition of photosynthesis by ABA can be attributed 
to the nonuniform distribution of transpiration and 
photosynthesis over the leaf. In addition, carboxylation of 
RuBP is inhibited (Fischer et al., 1986). Furthermore, ABA 
simultaneously decreases carboxylation efficiency and quantum 
yield in attached soybean leaves (Ward and Bunce, 1987). 
Leaves of ABA-treated plants have lower activity of rubisco in 
barley (Hordeum vulaare L.) and PEPCase (phosphoenolpyruvate 
carboxylase) in maize (Zea mavs L.) (Popova et al., 1982; 
Popova and Vaklinova, 1983), and the rate of photorespiration 
was increased twofold by ABA treatment at lO"® molar while COg 
compensation point increased 46% in barley (Popova et al., 
1987). Seemann and Sharkey (1987) also reported that ABA 
reduced the photosynthetic capacity of common bean (Phaseolus 
vulgaris L.) leaf through an apparent inhibition of rubisco 
activity, as well as promoted stomatal closure. They 
suggested that a common link between environmental stress and 
reductions in photosynthetic capacity may be ABA and 
hypothesized that ABA may affect plasma membrane function and 
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indirectly reduce rubisco activity through altered ion flux. 
On the other hand, some in vitro studies with isolated 
chloroplasts (Keck and Boyer, 1974) and with isolated 
mesophyll cells (Mawson et al., 1981) failed to show any 
effects of ABA on photosynthesis. Furthermore, Raschke and 
Patzke (1988) found that the effect of ABA on photosynthesis 
in Xanthium resulted from non-uniform distribution of stomatal 
pore size, and that ABA had no direct effects on the 
photosynthetic machinery in this species. 
Model of ABA action and control of stomata during water stress 
It is well established that ABA can cause stomatal 
closure and that there is a relationship between endogenous 
ABA and stomata in response to water stress (Walton, 1980; 
Mansfield et al., 1978; Milborrow, 1981; Radin and Ackerson, 
1982). There are two main hypotheses that attempt to explain 
how ABA moves into stomata. Firstly, is the ABA 
redistribution hypothesis, which is based on the evidence that 
protonated ABA freely permeates membranes, whereas the 
dissociated anion form of ABA does not. The distribution of 
ABA in different compartments depends on the pH difference 
between compartments. The greater the difference, the greater 
the amount of ABA that will accumulate in the more alkaline 
compartment (Zeevaart and Creelman, 1988). Mansfield et al. 
(1978) and Milborrow (1979) suggested that water stress causes 
an increase in the permeability of the chloroplast membrane to 
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ABA, which results in a leakage of ABA from the chloroplast, 
where ABA is localized in the unstressed condition. Since 
guard cells do not have plasmodesmata (Weyers and Hillman, 
1979), ABA originating in the mesophyll can only arrive at 
the guard cells via the apoplast (Zeevaart and Creelman, 
1988). Hartung et al. (1988) showed that ABA moved into the 
apoplastic solution of water-stressed cotton (Gossvpium 
hirsutum L. ) leaves because the pH and the ABA content of the 
apoplastic fluid both increased greatly with pressure-induced 
dehydration. They concluded that dehydration causes large 
changes in apoplastic pH; the altered pH then enhances the 
release of ABA from mesophyll cells into the apoplastic fluid. 
In addition, the increase in apoplastic ABA was also found in 
Xanthium (Cornish and Zeevaart, 1985) and in Valericanella 
leaves (Hartung et al., 1983). The amounts of ABA that were 
released from the symplast into the apoplast were estimated to 
be adequate for stomatal closure (Cornish and Zeevaart, 1985; 
Radin and Hendrix, 1987). 
For the second hypothesis, Zhang et al. (1987) reported 
that ABA originating in roots of plants in dry soil could 
control stomatal behavior. Root ABA controls the water status 
of plants not only by regulating stomatal transpiration, but 
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also by regulating the hydraulic conductivity of the roots 
(Ludewig et al., 1988). So, a root message hypothesis was 
suggested. 
For the model of ABA action in controlling stomatal 
apertures, Morton and Moran (1972), and Mansfield and Jones 
(1971) reported that ABA brings about closure of the stomata 
by inhibiting influx and initiating efflux of potassium from 
the guard cells, and the effect has been confirmed by recent 
studies with isolated guard cell protoplasts (MacRobbie, 
1981). Marre (1979) also showed that ABA inhibited both 
potassium uptake and proton release in a variety of other 
tissues. Turgor changes within the guard cells regulate 
stomatal aperture. Theses are caused by movements of H^, 
Cl" and the synthesis, metabolism, and movement of organic 
anions, primarily malate. Therefore, the operation of an 
active H*/K* exchange process is thought to be one important 
element in regulating guard cell turgor and stomatal movement 
(Raschke, 1975; Raschke, 1977). In addition, Van Kirk and 
Raschke (1978) showed that ABA caused the loss of a 
considerable portion of total malate to the incubation medium 
from V.faba and C.cormmunis epidermal peels during stonatal 
closure. They concluded that the release of malate which 
might occur together with would reduce turgor more quickly 
than if the malate were removed solely by metabolic means. So 
ABA would inhibited the H^/K* exchange and promote the 
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specific leakage of malate, thus, inhibiting opening and 
promoting closure of stomata (Schnabl, 1978), 
Methods for Quantitative Determination of Endogenous ABA 
Since the discovery of ABA, a number of methods have 
been developed for the identification and quantitative 
analysis of ABA, and the development of such methods is 
closely connected with advances in understanding of the 
physiological roles of this plant hormone. 
The methods used early were bioassays. However, 
although many bioassays are rather sensitive and simple in 
their performance, only a few bioassays have received much use 
because a great disadvantage of them is their insufficient 
specificity (Milborrow, 1978; Dorffling and Tietz, 1983). 
In recent years, many physical methods have been 
developed for quantitation of ABA, such as high performance 
liquid chromatography (HPLC), gas chromatography (GC), and 
mass spectrometry (MS). HPLC has been increasingly used to 
purify ABA in recent years because it offers the advantage 
that ABA need not be derivatized and can be easily collected 
after detection. Special high efficiency columns have been 
used in HPLC, all with microparticulate silica packing 
material having a reverse-phase coating, which gave great 
satisfaction (Sweetser and Vatuars, 1976; Ciha et al., 1977; 
Durley et al., 1978; Arteca et al., 1980). In addition, HPLC 
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combined with a UV detector has also been used for measuring 
ABA levels. However, the major limitation of HPLC for 
quantitation is the lower selectivity and sensitivity of the 
UV detector in comparison to the electron capture detector, 
although the use of a UV detector enables 2 to 5 ng of ABA to 
be detected (Walton, 1980; Dorffling and Tietz, 1983). 
Gas chromatography (GC), especially when connected to a 
mass spectrometer (MS) with selected ion monitoring, provides 
a powerful analytical tool for identification and quantitation 
of ABA. GCMS currently becomes the most specific method used 
for ABA analysis because the identity of chromatographic peaks 
can be determined from their characteristic mass spectra (Gray 
et al., 1974; Michler et al., 1986; Vine et aï., 1987; Funada 
et al., 1988). 
In addition, other methods, such as radioimmunoassay 
(RIA), have been used to guantitate ABA. These are sensitive 
and enable large numbers of samples to be processed in a 
relatively short time (Walton et al., 1979; Weiler, 1979). 
Currently many researchers use HPLC and GCMS for ABA 
identification and quantitation. Because ABA is easily 
soluble in several polar and less polar solvents, such as 
aqueous methanol, acetone, ethyl acetate, chloroform, ether 
etc., the exact procedures of isolation, purification and 
quantitation usually differ from one worker to the another. 
(Rivier et al., 1977; Hubick and Reid, 1980; Knox and Wareing, 
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1984; Michler et al., 1986; Subbaiah and Powell, 1987; Funada 
et al., 1988). In addition, many of these methods take a long 
time, i.e more than 24 h for extraction and purification of 
ABA. Furthermore, the material used in many of these methods 
is non-green tissue. It is apparent that additional simple, 
rapid, and highly efficient methods for extraction, 
purification and quantitation of ABA from green tissues, such 
as soybean and sunflower leaves, would be welcome. 
Summary 
Water stress induces many physiological responses in 
plants. It is clear that the reduction of photosynthesis 
related to water deficit may be due to both nonstomatal 
effects and stomatal effects. The former reduce 
photosynthesis by such indirect effects as increased root 
resistance to water transport and induced xylem embolism and 
by direct effects such as reduced photochemical capacity and 
RuBP regeneration, while the latter reduce photosynthesis by 
closing stomata, which decreases internal COg concentration. 
Many factors are related to the stomatal closure. Water 
deficit-induced ABA, however, may be one of the major causes 
because ABA either inhibits the H"^ and K"*" exchanges and 
promotes the specific leakage of malate or has a direct effect 
on stomatal closure or on photosynthetic capacity, although 
the latter effect is controversial. Photosynthetic parameters 
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also respond to water stress. Rubisco, soluble protein and 
chlorophyll are reduced under water stress conditions. 
Decreased leaf transpiration, which is caused by stomatal 
closure due to water deficit, results in leaf temperature 
increases, and it, in turn, affects photosynthesis. Although 
many methods have been used for identification and 
quantitation of endogenous ABA a more simple, quick, and 
accurate method should be developed for ABA analysis from 
plant tissues, especially from highly pigmented green tissues. 
Therefore, comparison and measurements of photosynthetic 
parameters during water stress and the effects of endogenous 
and exogenous ABA on photosynthesis are our objectives in 
order to understand how and why species, such as soybean and 
sunflower, respond to water stress differently, as well as 
develop an improved method for isolation, identification and 
quantitation of ABA from green tissues. 
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CHAPTER 1 
EFFECTS OF WATER STRESS ON PHOTOSYNTHETIC 
DIFFERENCES BETWEEN SOYBEAN AND SUNFLOWER 
Introduction 
Crop production is based on photosynthesis. Improvement 
of the crop photosynthetic mechanism has become one of the 
major research interests of recent decades. Soybean and 
sunflower are both C3 species; however, different 
photosynthetic rates are well documented. Sunflower shows 
higher photosynthetic rates than soybean, 31.6-41.0 vs 15.8-
25.3 uM COg m~^ s""^ (El-Sharkawy and Hesketh, 1965; Warren, 
1967; Tagari et al., 1969). My previous experiment (Li, 1986) 
showed similar results. In addition, many environmental 
factors, such as photosynthetic active radiation (PAR), COg 
concentration, and water status of plants, affect 
photosynthesis as reported by many researchers. It has been 
shown that water stress reduced the rate of COg assimilation 
and leaf conductance in corn during a period of 14 days when 
leaf water potential decreased from -0.5 to 8.0 bars (Wong et 
al., 1985). Huber et al. (1984) reported that water stress 
reduced carbon exchange rate (CER) of soybean, and the 
reduction was greater in non-COg enriched plants than in COg 
enriched plants. As CER declined, stomatal resistance 
increased, but this was not the primary cause of decrease in 
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assimilation because COg concentration remained relatively 
constant. Under field conditions it has been proposed that 
sunflower may tolerate more severe drought than soybean due to 
the deeper tap root system of sunflower (Robinson, 1978). 
Sunflower may tolerate more water stress than soybean under 
the same field conditions (Li, 1986), e.g., on middle summer 
days when air temperature was above 30 C, the soybean leaves 
were usually 2 C higher than air temperature, and stomatal 
resistance was also high, whereas sunflower leaves were 2 C 
lower than the air temperature, and stomatal resistance was 
low. This difference in temperature may reflect the water 
status of the leaf in response to water-stress conditions, and 
this difference may be one of the photosynthetic differences 
between the two species. Therefore, sunflower may tolerate 
water stress better than soybean. This allows sunflower to 
always keep a high photosynthetic rate on sunny summer days, 
when conditions are stressful. So, the objective of this 
study was to determine the effects of water stress on 
photosynthesis in controlled environmental conditions to 
better understand the difference between the two species. 
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Materials and Methods 
This study was conducted in the Agronomy Greenhouses at 
Iowa State University during the years of 1986-1988. 
Sunflower (Helianthus annus L. 'S-1888') and soybean (Glycine 
max (L.) Merr. 'Amsoy 71') seeds were planted together in the 
same 12 L size of black plastic pots which was filled with a 
sterilized soil mixture of soil;peat:perlite in proportions of 
20:40:40. A total of 16 pots were used for each trail. Two 
seeds for each species were planted about 10 cm apart in the 
same pot, and soybean seeds were planted 5 days earlier than 
sunflower in order to obtain a similar plant size at the time 
water stress treatments were begun. When soybean plants were 
in the VI growth stage (Fehr and Caviness, 1977), pots were 
thinned to one plant of each species. Plants were grown in 
the greenhouse until water stress was initiated. Stress was 
imposed in a growth chamber (Conviron PGW 36, Conviron Product 
Co., Winnipeg, Manitoba, Canada). In the greenhouse, the 
plants were well watered and fertilized twice a week with 
Peters professional water-soluble fertilizer (Peters 
Fertilizer Product, WR Grace Co. P.0.X.789, Fogelsville, 
Pennsylvania 18051). Disease and insects were controlled when 
necessary. Thirty days after planting, when plants were about 
50 cm tall with 12 and 9 fully expanded leaves for sunflower 
and soybean, respectively, they were moved into the growth 
chamber for water stress treatment. In the growth chamber the 
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temperature was set at 30/22 C (day/night), with a 15 h 
photoperiod, and a photosynthetic photon flux density (PPFD) 
of 400-600 uM. m~^.s~^ at the top of the plant canopy. Light 
sources were incandescent and fluorescent lamps. After 3 days 
of adaptation to the growth chamber, the water was withheld. 
Then, the following procedures were followed: 
1. Sampling The leaves used for measurement were those 
above the 8th trifoliolate leaf for soybean and the 10th leaf 
for sunflower. Leaves were cut off after photosynthetic 
measurement, and the detached leaves were used for water 
potential measurement, immediately. After that, 10 leaf 
punches (1 cm^/punch) were taken from each leaf and stored 
immediately in liquid Ng before transfer to a freezer and 
stored at -100 C for chlorophyll and protein determination. 
2. Measurements 
a) The rates of photosynthesis and transpiration, 
stomatal resistance (conductance), PPFD, leaf and air 
temperatures were measured with a LI-COR 6000 portable 
photosynthesis system (LI-COR, Inc., Lincoln, Nebraska 68504). 
All measured results were automatically calculated by the 
self-contained microcomputer of the system which was based on 
a 20 cm^ leaf area basis. 
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b) Leaf water potential was measured by a pressure 
chamber with a model 3000 plant water status console (Soil 
Moisture Equipment Corp., Santa Barbara, CA 93105). 
c) Chlorophyll per unit leaf area was determined by 
the method of Wintermans and De Mots (1965) using light of 665 
and 649 nm. 
d) Leaf protein was determined by the Bradford 
method (1976) at 595 nm, and the detailed procedures for 
chlorophyll and protein analysis are shown in Table 1. 
This experiment was a completely randomized block design 
with four blocks and four pots in each block. Because the 
time of measurement could not be randomized, it was regarded 
as a split-plot in time, i.e., as repeated measurements. 
Results 
Leaf Water Potential 
The changes in water potentials for soybean and 
sunflower during desiccation and after rewatering periods are 
shown in Figures 1 and 2. The results of water potential 
changes with time also are shown in Table 2. For soybean, the 
water potential decreased gradually during the first two days 
when water potentials were higher than -10 bars. However, as 
desiccation continued, the water potential decreased rapidly 
and reached as low as -18.3 bars on the 5th day of stress just 
before rewatering. For sunflower, however, the water 
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Table 1. Procedures for leaf chlorophyll and soluble 
protein analysis 
1. Take 10 leaf punches (total 10 cm^) from liquid Ng 
container. 
2. Grind with the Polytron (setting=8) 20-30s in a small 
volume of 100% ethanol. Filter through No. 1 Whatman 
paper in a Hirsch funnel with suction into a 50 ml 
volumetric flask. (Rinse polytron probe and test tube 
thoroughly with ethanol). 
3. Add 2 ml HgO to the filtrate and bring to 50 ml with 
100% ethanol. Stir or mix thoroughly and determine 
chlorophyll spectrophotometrically by reading Aggg 
and Ag^g. 
4. Scrape the filter paper and other residue out of the 
Hirsch funnel into a 50 ml centrifuge tube, wash the 
funnel into the centrifuge with 5 ml of 0.3 N NaOH. 
5. Stopper the tube and incubate at 35-40 C overnight. 
6. Swirl tube. 
7. Filter through No. 1 Whatman paper with suction. 
8. Rinse incubation tube with 5 ml 0.3 N NaOH, and pour 
into funnel. 
9. Repeat step 8 filtering with suction. 
10. Rinse tube with a small quantity of HgO. 
11. Apply suction and rinse the side of funnel and filter 
paper with HgO. 
12. Bring to 25 ml volume. 
13. Take three 0.1 ml samples and put in three small (15 ml) 
test tube. 
14. Add 5 ml Bradford reagent to each test tube. 
15. Vortex gently (foaming not desired). 
16. Wait 15 min. 
17. Read at A^gg. 
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Table 2. Changes of leaf water potentials (bar) in soybean and sunflower 
during desiccation and after rewatering 
crop D1 D2 D3 D4 D5 Ih 2h 3h 6h 9h 24h 
Soybean -5.5 -6.3 -9.9 -13.7 -18.3 —8.4 -6.5 —6.3 —6.5 —5.3 —6.2 
Sunflower -4.0 -6.2 —8.8 —12.0 —16.5 —8.4 —6.8 -6.4 —5.7 -6.2 -4.6 
D1 to D5 = water stress day 1 to day 5 y 
Ih to 24h = 1 to 24 h after rewatering 
Table 3. Mean squares from the analyses i of variance for water potentials of 
soybean and sunflower 
source of variation df MS 
Time 10 118.16** 
Replication 3 6.14 
Error a 30 1.04 
Crop 1 10.25* 
Crop*Time 10 1.78 
Error b 33 1.57 
*,** indicate significance at the 5%, and 1% probability level, 
respectively. Rep = replication 
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potential was decreased continuously from about -4 bars on the 
1st day of stress to -16.5 bars on the 5th day of stress. 
But, it is clear that sunflower had a higher water potential 
than soybean at all times during the desiccation period with 
statistically significant differences between the two (Table 
3). However, after rewatering, the recovery trends of water 
potential were similar for both species, especially during the 
1st hour when the water potentials for both species recovered 
to -8 bars from -18 and -16 bars for soybean and sunflower, 
respectively. After that, the water potential recovery 
continued at a much slower pace than during the 1st hour, and 
returned to almost the predesiccation levels in 3 hours after 
rewatering of both species. The more detailed recovery of 
water potential for both species can be seen in Figure 2. In 
addition, it is clear that water potential had returned to 
about -6 bars and about -5 bars for soybean and sunflower 
respectively, 3 hours after rewatering. These values were 
close to predesiccation levels. 
COg Exchange Rate 
The changing trends of COg exchange rate (CER) during 
water stress and after rewatering for soybean and sunflower 
are shown in Figures 3 and 4. CER values and the analyses of 
variance are given in Tables 4 and 5, 
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Table 4. Changes of leaf CER, stomatal resistance and conductance of soybeai 
during water stress and after rewatering 
CER (uM COg.m'Z.s) 
Crop D1 D2 D3 D4 D5 . 5h Ih 2h 3h 6h 9h 
Soybean 7.96 8.44 1.68 -.64 -1.03 3.91 4.48 5.41 5.27 5.35 4.3! 
Sunflower 9.00 9.65 3.17 1.51 -0.09 3.87 5.91 6.63 7.23 8.25 6.3' 
Stomatal resistance (s.cm~^) 
Soybean 1.84 2.77 9.55 13.56 16.23 3.93 4.46 3.74 3.44 3.13 4.8: 
Sunflower 0.81 1.59 6.27 8.26 8.02 3.21 2.56 1.91 1.38 0.82 2.8( 
Stomatal conductance (cm.s~^) 
Soybean 0.54 0.36 0.10 0.07 0.06 0.25 0.22 0.27 0.29 0.32 0. 
Sunflower 1.23 0.63 0.16 0.12 0.24 0.31 0.39 0.52 0.73 1.22 0. 
D = day of stress h = hour after rewatering 

stance and conductance of soybean and sunflower 
:ering 
(uM COg.m'Z.s) 
)h Ih 2h 3h 6h 9h 24h 48h 72h 
.91 4.48 5.41 5.27 5.35 4.35 7.89 8.83 8.76 
,87 5.91 6.63 7.23 8.25 6.37 10.05 9.03 9.83 
resistance (s.cm"^) 
.93 4.46 3.74 3.44 3.13 4.81 1.27 1.20 0.92 
.21 2.56 1.91 1.38 0.82 2.80 0.43 0.80 0.44 
conductance (cm.s ~ ^) 
.25 0.22 0.27 0.29 0.32 0.21 0.79 0.83 1.09 
.31 0.39 0.52 0.73 1.22 0.36 1.27 1.25 2.27 
bering 

Table 5. Mean squres from the analyses of variance for photosynthetic 
parameters of soybean and sunflower during water stress 
Source of 
variation df CER Rs CD E T° 
Rep 3 5 
o
 
00 
0. 55 0 .074 1 .969 1 .396 
Time 13 82 . 94** 109 .3** 2 .319** 31 .646** 14 .451** 
Errob b 39 1 .54 1 .62 0 .060 0 .845 0 .458 
Crop 1 56 .49** 141 .55** 5 .993** 75 .110** 48 .431** 
Crop*Time 13 1 .22 9 .15** 0 .432** 1 .726** 1 .982** 
Error b 42 1. 18 1. ,70 0. 075 0. 754 0. 460 
CER = COg exchange rate, Rs = stomatal resistance, 
CD = Stomatal conductance, E = leaf transpiration, 
T = leaf temperature ( C) 
** indicate significance at the 5% and 1% probability level, respectively. 
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respectively. Like water potentials, the CER of both species 
showed a similar pattern, but there was a significant 
difference between soybean and sunflower in CER. For soybean, 
photosynthetic rate was not affected during the first two days 
after desiccation had begun. CER was constant at about 8 uM 
COg. whereas water potential was slightly decreased 
during the same period (Fig. 1). However, as water stress 
continued, CER decreased rapidly to only about 2 uM CO^. m~^. 
s~^. on the 3rd day of stress, which was a 75% reduction in 
photosynthesis. More seriously, photosynthesis was stopped 
when water potential dropped below -15 bars on the 4th and the 
5th day of stress. On the other hand, for sunflower, although 
photosynthesis showed a similar trend, however, CER was 
consistently higher than that of soybean and the significant 
statistically difference results were shown in Table 5. 
During the first two days of stress, CER of sunflower was 
about 10 uM COg.m'^.s"^, which was 2 uM COg.mT^.s"^ higher 
than that of soybean, and even on the 3^ day, sunflower still 
had about 3.5 uM COj.m'^.s"^ which was 1.5 uM COg.mT^.s"^ 
greater than that of soybean. Sunflower CER like soybean, 
reached zero at severe water stress when water potential 
dropped below -15 bars (5th day). 
The recovery trends of photosynthesis after rewatering 
were similar for both species, but, the recovery rates were 
different between soybean and sunflower. From Figure 3, it is 
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clear that sunflower had constantly higher CER recovery rates 
than that of soybean after 1 hour rewatering, i.e., the CER of 
sunflower were 5.9, 6.6, 7.2, 8.3 and 10.0 uM COj.m'^.s"^ for 
1, 2, 3, 6, and 24 hours after rewatering, respectively, while 
soybean were only 4.5, 5.4, 5.3, 5.4 and 7.9 uM COj.xn'^.s"^ 
for those times, respectively. The more detailed 
relationships of CER recovery after rewatering for both 
species was shown in Figure 4. From these figures, it is also 
clear that sunflower had a higher photosynthetic recovery rate 
than that of soybean. The CER recovery rates were 61.3 vs 
52.9%, 68.5 vs 64.1%, 74.7 vs 62.8%, 85.6 VS 64.0%, and 66.0 
VS 51.4% for sunflower and soybean at 1, 2, 3, 6, and 9 hours 
after rewatering, respectively. At 24 hours after rewatering, 
CER had almost recovered for sunflower, but had only a 93% 
recovery for soybean. 
In addition, from Figures 1 to 4, It can be seen clearly 
that photosynthesis recovery was slower than that of water 
potential for both species. For example, at 6 hour after 
rewatering, water potentials were -6.5 and -5.7 bars for 
soybean and sunflower, respectively, which were close to 
predesiccation levels, while CER recoveries were only 64.0 and 
85.6% for soybean and sunflower, respectively. This indicates 
that, in stressed conditions, photosynthesis approximately 
paralleled changes of water potential, especially when water 
potentials dropped below -10 bars for both species. However, 
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after rewatering, photosynthesis recovery was slower than that 
of water potential. It was surmised that photosynthetic 
apparatus components such as enzymes had been damaged during 
severe water stress, and time was needed to restore the 
photosynthetic apparatus to full function after rewatering 
although water potentials had returned to predesiccation 
levels. The relationships between water potential and CER can 
be seen in Figure 5. It shows that the water potential and 
CER are highly related. The correlation coefficient of the 
two were 0.88 and 0.92 for soybean and sunflower, 
respectively. 
Stomatal Resistance for Conductance) 
Changes in stomatal resistance (Rs) with water stress 
for both species are shown in Figure 6, and conductances are 
shown in Figure 7. The results of Rs and conductance can be 
seen in Table 4. It is apparent that the changes of Rs are 
similar to changes of water potential and CER. But, a 
significant difference in Rs between soybean and sunflower 
also can be seen in Table 5, although as desiccation developed 
during water stress, the Rs increased for both species. For 
soybean, a sharp increase of Rs, a rate of 9.5 s/cm, occurred 
on 3rd day of stress when water potential dropped below -10 
bars, and Rs reached as high as 16.2 s/cm on 5th day of stress 
when water potential was as low as -18.3 bars before 
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rewatering. For sunflower, Rs also Increased rapidly from on 
the 3rd day of stress when water potential was below -10 bars, 
however, Rs was much lower than that of soybean. Comparisons 
of 6.3 vs 9.5, 8.3 vs 13.6, and 8.1 vs 16.2 s/cm for sunflower 
and soybean at 3rd, 4th. and 5th days of stress, respectively, 
large Rs values indicated that stomata were closed due to 
water loss and resulted in negative CER rates on the 4th and 
5th days of stress for soybean and the 5th day for sunflower. 
The changes of Rs after rewatering showed that reopening 
of the stomata occurred earlier in sunflower than in soybean. 
Sunflower had much lower Rs while soybean had constantly 
higher Rs after rewatering. Rs value were 3.93, 4.58, 
3.74,3.43, 3.13, and 4.81 for soybean and 3.21, 2.56, 1.93, 
1.38, 0.82, and 2.80 s/cm for sunflower at 0.5, 1, 2, 3, 6, 
and 9 hour after rewatering, respectively. The stomata of 
sunflower were nearly fully open 6 hours after rewatering as 
shown by an value of 0.82 s/cm, was similar to prestress 
conditions whereas soybean had Rs of 3.13 s/cm at 6 hour after 
rewatering, which was almost two times higher than prestress 
conditions. 
Stomatal resistance has a strong negtive relatioship 
with CER and water potential (Figs. 8 and 9). The correlation 
coefficients between Rs and water potential were r = -0.96, 
and -0.89 for soybean and sunflower, respectively. 
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The relations between Rs and CER were r = -0.93, and -0.54 for 
soybean and sunflower, respectively. It is clear that Rs was 
very different between soybean and sunflower, both during and 
after water stress. The consistently lower Rs of sunflower 
may be one of the reasons why CER recovery of sunflower was 
faster than for soybean, although water potential were 
similar for both species after rewatering. 
Transpiration Rate 
The changes of transpiration rate (mM HgO.m"^.s~^) with 
stress times for both soybean and sunflower are shown in 
Table 6 and Figure 10. The results of ANOVA can be seen in 
Table 5. It is apparent that a significant difference in leaf 
transpiration rate exists between soybean and sunflower 
although both species showed similar trends. Sunflower, 
however, had higher transpiration rates than soybean all of 
the time. During the water stress period, soybean had a 
transpiration rate of 4.7 mM HgO.mT^.s"^ on the 1st day of 
stress. As the desiccation continued, especially when water 
potentials dropped below -10 bars, the transpiration rate 
decreased rapidly and dropped to as low as 1.3 mM HjO.m'^.s"^ 
on the 3rd day of stress, but, further desiccation did not 
decrease transpiration. The rates were 0.95, and 1.1 mM 
HgO.m^^.s"^ on the 4th and the 5th days of stress, 
respectively. It is apparent that, at this point, the low 
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Table 6. Effects of water stress on leaf temperature, transpiration and sol 
soybean and sunflower 
Leaf temperature (T °C) 
Crop D1 D2 D3 D4 D5 . 5h Ih 2h 3h 6h 9h 
Soybean 28.4 28.5 29.8 30.4 30.6 30.4 30.6 30.5 30.6 30.3 30.9 
Sunflower 27.1 27.7 29.6 30.0 30.3 29.8 29.0 28.9 27.3 27.1 29.5 
Leaf transpiration (E mM HgO.mT^.s) 
Soybean 4.71 3.64 1.32 0.95 1.05 2.60 2.53 2.64 2.68 3.10 2.49 
Sunflower 6.95 5.29 2.13 1.77 1.79 2.86 3.83 4.13 5.00 6.97 3.93 
Soluble protein (mg.cm"^) 
Soybean 0.42 0.41 0.39 0.46 0.41 — 0.5.6 0.67 0.52 0.66 0.57 
Sunflower 0.24 0.27 0.21 0.34 0.29 — 0.31 0.36 0.38 0.39 0.42 
D = day of stress h = hour after rewatering 

rature, transpiration and soluble proteins of 
(T °C) 
Ih 2h 3h 6h 9h 24h 48h 72h 
30.6 30.5 30.6 30.3 30.9 27.9 28.1 26.9 
29.0 28.9 27.3 27.1 29.5 25.5 27.2 25.9 
-2  In (E mM HgO.m .s) 
2.53 2.64 2.68 3.10 2.49 5.35 5.95 6.20 
3.83 4.13 5.00 6.97 3.93 8.14 7.50 8.08 
[mg.cm~^) 
0.56 0.67 0.52 0.66 0.57 0.60 
0.31 0.36 0.38 0.39 0.42 0.45 
0.65 
0.40 
rig 
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47 
transpiration rates on 3rd, 4th and 5th days of stress were 
due to stomata closure. This tendency shows clearly in 
Figures 3, 6, 7, 8, and 9. For sunflower, however, on the 1st 
day it had a transpiration rate of 6.9 mM .s~^, which 
was 2 mM HgO.m^^.s"^ greater than that of soybean on the 1st 
day of stress. Although transpiration decreased rapidly with 
stress time, it still had transpiration rates of 2.1, 1.8, and 
1.8 mM HjO.m'^.s"^ on the 3rd, 4th. and 5th days of stress, 
almost two times greater than that of soybean, respectively. 
After rewatering, in 1st half hour both species increased 
transpiration to about the same rate, 2.6 and 2.8 mM HgO.m"^ 
.s"^ for soybean and sunflower, respectively. After that, 
however, recovery rates for the two species were different. 
Sunflower possessed higher transpiration rates which returned 
to predesiccation levels about 6 hour after rewatering, 
whereas soybean had only a 66% recovery with a rate of 3.1 mM 
HgO m"^.s"l, much lower than its 4.7 mM HgO m~^.s~^ On 1st day 
of stress. 
When comparing with photosynthesis in Figure 3 and 
transpiration in Figure 10, it is clear that when 
transpiration was less than 5 and 3 mM HgO m~^.s~^ for 
sunflower and soybean, respectively, the CER of both species 
decreased rapidly. Furthermore, it is also clear that the 
recovery of transpiration was accompanied with the recovery of 
water potential (Figs. 1 and 2), and the decrease of stomatal 
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resistance (Figs. 6 and 7). It is apparent that, water 
potential influenced the stomata, which in turn, controlled 
transpiration. 
Leaf Temperature 
The changes of leaf temperature (C) with time of water 
stress for both soybean and sunflower are shown in Figure 11. 
The results of leaf temperature and of the ANOVA are given in 
Tables 6 and 5. In my earlier field experiment (LI, 1986), 
leaf temperatures had been shown to be different between 
soybean and sunflower, especially when air temperature was 
above 30 C. In this study, this trend was also evident under 
controlled environmental conditions. It is clear in Figure 11 
that sunflower had lower leaf temperatures at all the times of 
the measurements. Soybean had leaf temperatures of 28.4 and 
28.5 C on the 1st and 2nd day of stress, respectively. As 
desiccation development, leaf temperature increased to 29.8, 
30.4, and 30.6 on the 3rd, 4th and 5th days of stress, 
respectively. Sunflower had leaf temperatures of only 27.1 
and 27.7 C on the first two days of stress, but leaf 
temperatures also increased to 30 C on the 4th and 5th days of 
stress, similar to that of soybean. The high leaf 
temperatures on the 4th and 5th days under severe water stress 
for both species probably was due to stomatal closure which 
resulted in litter transpirational cooling (Figs. 1 to 10). 
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After rewatering, however, sunflower leaf temperature 
decreased rapidly and returned to nearly predesiccation level 
about 6 hour after rewatering (27.1 C), whereas soybean leaf 
temperature remained high (about 30 C), even at 6 hour after 
rewatering. Soybean leaves returned to predesiccation 
temperature about 24 hours after rewatering, much later than 
sunflower. 
From comparisons of Figures 1 to 10, it is apparent that 
under water stress condition, with leaf temperature higher 
than 29.0 C, especially higher than air temperature, 
photosynthesis for both species decreased rapidly and 
photosynthesis ceased under more severe water stress. 
Leaf Soluble Protein 
The changes of soluble protein, mg.cm~^ leaf area, for 
both species are shown in Table 6 and Figure 12. Soybean had 
constantly higher leaf soluble protein contents than that of 
sunflower at all times of measurement. For soybean, protein 
contents were almost unchanged during the water stress 
periods. The protein contents were 0.42, 0.41, 0.38, 0.46 and 
0.41 mg.cm~^ for day 1 to 5 of stress, respectively. Similar 
to soybean, protein contents of sunflower also remained 
constantly, with contents of 0.24, 0.27, 0.21, 0.34 and 0.29 
mg.cm"^ for days 1 to 5 of stress, respectively. After 
rewatering, however, the protein contents of both species 
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increased. The protein contents of soybean were 0.56, 0.67, 
0.52, 0.65, and 0.57 mg.cm"^ at 1, 2, 3, 6, and 9 hour after 
rewatering, respectively. While sunflower had only 0.31, 
0.36, 0.38, 0.39, and 0.43 mg.cm"^ at those time, 
respectively. It is clear that protein contents were 
different between the two species (Table 7). 
Chlorophyll 
The changes of total chlorophyll (Chi a+b), chlorophyll 
a (Chi a), chlorophyll b (Chi b) ug.cm""^, and chlorophyll a/b 
ratio for both species are shown in Table 8, Figures 13 and 
14, with Chi a+b and Chi a value in Figure 13, and Chi b and 
Chi a/b ratio in Figure 14. The results of the ANOVA is given 
in Table 7. 
It is apparent in Figure 13 and Table 7 that there were 
differences in total chlorophyll content between soybean and 
sunflower. For soybean, the amounts of total chlorophyll were 
48.5, 48.5, 49.5, 50.7, and 44.9 ug.cm"^ for days 1 to 5 of 
stress, respectively, and sunflower had 42.7, 44.2, 45.3, 
52.2, and 49.4 um.cm"^ for those days, respectively. After 
rewatering, the total chlorophyll of soybean remained between 
44.9 to 50.7 ug.cm~^ from 0.5 hour to 72 hour (day 8) after 
rewatering. Sunflower had contents of total chlorophyll 
between 49.4 to 43.1 ug.cm""^ at those times. 
Figure 13 and Table 7 show a significant difference in 
Chi a content between soybean and sunflower although 
Table 7. Mean squares from analyses of variance for chlorophyll and soluble 
protein of soybean and sunflower during water stress 
Source of 
variation df CHLa+b CHLa CHLb a/b SP 
Rep 2 76.76 35.75 3.68 0.58 0.001 
Time 11 52.67* 61.82** 149.34** 13.21** 0.061** 
Error a 22 19.05 11.52 3.95 0.62 0.002 
Crop 1 264.14** 196.78** 7.73 1.09 0.985** 
Crop*Time 11 15.63 11.91 6.38 0.74 0.009* 
Error b 22 15.25 11.93 3.18 0.73 0.004 
CHL a+b = total chlorophyll CHLa = Chlorophyll a CHLb = chlorophyll b 
a/b = chlorophyll a/b ratio SP = soluble protein 
*,** indicate significance at the 5% and 1% probability, respectively. 
Table 8. Chlorophyll changes of soybean and sunflower during water stress and 
after rewatering 
Total chlorophyll (ug.cm"^) 
Crop D1 D2 D3 D4 D5 Ih 2h 3h 6h 9h 24 72h 
Soybean 
Sunflower 
48.5 
42.7 
48.5 
44.2 
49.4 50.6 44.9 47.4 
45.3 52.2 49.4 46.6 
50.3 
50.2 
45.2 
44.7 
56.3 
50.4 
45. 
45. 
6 
5 
50. 
46. 
7 
9 
50.7 
43.1 
Chlorophyll a (ug.cm" 
Soybean 
Sunflower 
39.2 
34.4 
39.5 
36.4 
40.5 41.6 36.7 33.0 
37.3 42.1 39.9 30.2 
32.8 
33.1 
32.4 
32.5 
32.7 
31.8 
34. 
33. 
0 
7 
32. 
30. 
9 
2 
44.0 
37.1 
Chlorophyll b (ug.cm" 
Soybean 
Sunflower 
9.1 
8.3 
8.5 
7.6 
9.0 9.1 8.2 14.5 
7.9 9.7 9.5 16.5 
17.5 
17.9 
12.3 
12.2 
13.6 
18.6 
11. 
11. 
5 
8 
17. 
16. 
8 
7 
6.6 
6.0 
Chlorophyll a/b ratio 
Soybean 
Sunflower 
4.3 
4.1 
4.7 
4.8 
4.6 4.6 4.6 2.3 
4.7 4.3 4.2 1.8 
1.9 
1.9 
2.7 
2.7 
2.4 
1.7 
3. 
2. 
0 
9 
1. 
1. 
9 
8 
7.3 
6.2 
= day of stress; h = hour after rewatering 
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the pattern of changes in Chi a was similar in the two 
species. The amounts were 39.2, 39.9, 40.5, 41.6, and 36.7 
ug.cm"^ from days 1 to 5 of stress, respectively for 
soybean. Sunflower had 34.4, 36.4, 37.3, 42.1, and 39.9 
ug.cmT^ for those days, respectively. The Chi a content for 
both species decreased after rewatering and maintained low 
values for about 24 hour after rewatering and then returned 
to predesiccation level. Chi a content of soybean decreased 
from an average of 39.6 ug.cm"^ during water stress to 32.9 
ug.cm"^ at 1 hour rewatering, and remained at this low 
content for at least 24 hours, and for sunflower Chi a 
dropped from an average of 38.0 ug.cm"^ to 30.2 ug.cm""^ at 
those time, respectively. 
On the other hand, Chi b content responded opposite to 
that of Chi a content after rewatering. Chi b content was 
not significantly different between the two species and 
remained consent during the water stress period. For 
soybean, Chi b content changed from 8.2 ug.cm"^ at day 5 to 
14.5 ug.cm"^ at 1 hour after rewatering and then, had 
contents of 17.5, 12.3, 13.7 and 11.5 ug.cm"^ for 2, 3, 6, 
and 9 hours after rewatering, respectively. For sunflower, 
Chi b increased from 9.5 to 16.5 ug.cm"^ at day 5 to 1 hour 
after rewatering, and had contents of 17.9, 12.2, 18.6, and 
11.8 ug.cm"^ for 2, 3, 6, and 9 hours after rewatering, 
respectively. Due to relative changes of Chi a and Chi b 
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after rewatering, the Chi a/b ratio decreased during the 
early rewatering period (Fig. 14), but did not show a 
significant difference between the two species 
(Table 7). 
Discussion 
One of the objectives of this study was to study the 
relationships between water stress and photosynthesis and to 
determine if soybean and sunflower responded differently to 
water stress. The results showed that sunflower showed 
constantly higher water potentials than soybean during the 
water stress period although both species had similar trends 
during both the stress period or recovery period. The 
higher water potentials may be due to the resistance to 
water transport in whole sunflower plants was only one half 
that of soybean due to the higher resistance in soybean 
caused by higher resistance in the root tissue external to 
the root vascular tissue (Boyer, 1971a). 
For water potential during the recovery period, Boyer 
(1971b) showed that the leaf water potential to which leaves 
returned after rewatering was dependent on the severity of 
desiccation and evaporative conditions. Under moderately 
evaporative conditions, leaf water potentials returned to 
predesiccation levels after 3 to 5 hours when desiccation 
was slight, e.g. the recovery of water potential of 
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water potentials as low as -13 bars. He also reported that 
leaf water potential showed no sign of recovery when leaf 
water potentials decreased to -20 bars or below during 
desiccation. In this study, water potential recovery trends 
were similar for both species and returned to near the 
predesiccation levels in 10 hours after rewatering although 
water potentials were -18.3 and -16.5 bars for soybean and 
sunflower, respectively. Robinson (1978), Cox and Jolliff 
(1987) reported sunflower depleted soil water to a depth of 
more than 1.8 m, whereas soybean roots were less than that. 
So, sunflower can absorb more water than soybean when water 
stress occurred under field conditions, and in their studies 
soybean depleted 45% less soil water than that of sunflower. 
However, in potted conditions, the root system development may 
be limited, especially for sunflower root. This may be one 
reason for the similar water potential changes in my study. 
Changes in photosynthesis for soybean and sunflower 
during water stress were clearly shown in this experiment. 
Boyer (1970) reported that the photosynthetic rate of soybean 
was unaffected by desiccation until water potentials were 
below -11.0 bars, whereas the photosynthetic rate of sunflower 
began to decrease when water potential dropped to below -8.0 
bars in growth chamber condition. My results, however, showed 
that CER decreased rapidly when water potentials dropped to 
below -8 bars for both species (Fig. 3). The decreases of 
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photosynthesis during water stress can be due to either non-
stomatal or stomatal effects (Cox and Jolliff, 1987; Wong et 
al., 1985; Berkowitz and Whalen, 1985; Ackerson, 1980; Boyer 
and Bowen, 1970). Cox and Jolliff (1987) reported that 
although stomatal resistance increased during water stress, 
the CER of sunflower was reduced only 15% whereas soybean CER 
was reduced 50%, and a significant negative correlation 
(r = -0.80) was observed between CER and Rs of soybean. They 
suggested that non-stomatal effects were most responsible for 
the reduced CER in dryland sunflower, and that stomatal 
closure was responsible for the reduced CER in dryland 
soybean. This agrees with my results in Figures 5 to 9 which 
showed that sunflower had greater CER and much lower stomatal 
resistance than soybean. In addition, the decreases of 
photosynthesis during water stress may also be due to a 
decrease in leaf concentration which enhances the 
dehydration inhibition of photosynthesis because endogenous 
extra chloroplastic K"^ may modulate dehydration inhibition of 
photosynthesis, possibly by facilitating stromal 
alkalinization (Berkowitz and Whalen, 1985). Furthermore, the 
inhibition of oxygen evolution is another non-stomatal effect 
on photosynthesis during water stress. Boyer and Bowen (1970) 
showed that oxygen evolution was inhibited when leaf water 
potentials were below -12 bars in pea and -8.0 bars in 
sunflower, and the inhibition was proportional to leaf water 
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potential below this limit. They concluded that low leaf 
water potential affects photosynthesis in at least two ways, 
first, through an inhibition of oxygen evolution by 
chloroplast and second, by closure of stomata in intact 
leaves. It is apparent that the rapid reduction of CER for 
both species when leaf water potential dropped below -8 bars 
in this experiment may be partly due to the above factors as 
well as other reasons. 
The slower recovery of photosynthesis than that of water 
potential for both species, especially for soybean, was 
clearly shown in this experiment. Two factors may inhibit the 
recovery of photosynthesis, one is incomplete recovery of leaf 
water potential, and the another is in incomplete return to 
full stomatal opening (Boyer, 1971b). In this study, recovery 
of water potential does not appear to be a limiting factor for 
recovery of photosynthesis because water potential almost 
returned to predesiccation levels in 10 hours after rewatering 
whereas photosynthetic rates did not completely recovery for 
either species, especially for soybean. However, the lack of 
full opening of stomata may be one of reasons for slower 
recovery of photosynthesis, e.g., even 9 hours after 
rewatering, stomatal resistances were still higher than 
predesiccation levels (4.8 and 1.8 s.cm~^ for soybean and 
sunflower, respectively). Rawson et al. (1980) reported that 
water stress increased stomata frequencies of sunflower, but 
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reduced the area of individual stomata, so that stomatal area 
per unit leaf area was unchanged. This may could explain why 
stomatal resistances of sunflower were constantly lower than 
that of soybean during water stress (Figs. 6 and 7), however, 
these changes in stomata may not have had time to occur during 
the short period of water stress used. 
The slower recovery of photosynthesis may also be due to 
impairment of the photosynthetic apparatus itself during water 
stress. Potter and Boyer (1973) reported a reduction in 
electron transport in PSII of chloroplasts isolated from 
desiccated sunflower leaves. Water stress caused an 
inactivation of the primary photochemistry of PSII reaction 
center complex (Powles and Bjorkman, 1982). There was also a 
reduction in quantum yield of COg fixation (Mohanty and Boyer, 
1976), and the ribulose bisphosphate regeneration capacity was 
affected in some way during water stress (Caemmerer and 
Farguhar, 1984). Since about 50% of leaf soluble protein is 
ribulose bisphosphate carboxylase/oxygenase (rubisco), one of 
the major enzymes in photosynthesis (Kawashima and Wildam, 
1970; Jensen and Bear, 1977; and Kung et al., 1980), it seems 
that the lower content of leaf soluble protein contents for 
both species indicate rubisco may be damaged during water 
stress. It takes time to restore the enzyme, therefore a 
slower recovery of photosynthesis. Although soybean showed 
higher protein content, other factors such as stomatal 
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resistance may be dominant to cause its slower photosynthesis 
recovery than that of sunflower. 
In addition, the low light level in the growth chamber 
may be another reason for slower recovery of photosynthesis. 
The PPFD in growth chamber was much' lower than that of in the 
field, an average of 500 vs 2000 uE m~^.s~^ for growth chamber 
and field, respectively. Under low light the photochemical 
reactions are limiting (Kok, 1965; Rabinnowitch and Govindjee, 
1969). Furthermore, in low light, intact sunflower required 
more light per unit of COg fixed when leaf water potentials 
were low than when they were high (Boyer and Bowen, 1970), and 
at low light intensities, the photochemical activity of the 
sunflower leaves limits photosynthesis (Boyer, 1971b). 
Gamble and Burke (1984) reported that although changes 
in chlorophyll content were observed in response to water 
stress, the changes were not associated with a change in 
chlorophyll quality as evidenced by an average Chi a/b ratio 
of 3.23 in field grown winter wheat (Triticum aestivum L.). 
My results in Figures 13 and 14 were similar to theirs during 
the water stress period. In my study, the Chi a/b ratios for 
both species were about 4.0, and were constant during the 
water stress period because chlorophyll a and b showed a 
similar trends during water stress, with an average Chi a of 
39.6 vs 38.0 ug.cm"^ and Chi b of 8.8 vs 8.6 ug.cm"^ for 
soybean and sunflower, respectively. However, the Chi a/b 
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ratio for both species were decreased after rewatering. An 
average Chi a/b ratio of 2.8 vs 2.7 for soybean and sunflower, 
respectively, at 9 hour after rewatering. This indicated that 
the change to lower Chi a/b ratios after rewatering may be 
partially responsible for slower recovery of photosynthesis 
for both species. 
Leaf transpiration and leaf temperature also affect 
photosynthesis. This is clear by comparisons of Figures 3, 4, 
10, and 11. However, both leaf transpiration and temperature 
are closely related to leaf water potential (Fig. 1). Scott 
et al. (1981) found a linear relationship between leaf 
temperature and leaf water potential. My results showed a 
similar relations. As desiccation continued, transpiration 
decreased rapidly from 4.7 to 1.0, and 6.9 to 1.8 mM HgO.m" 
^.s~^ at days 1 and 5 of stress for soybean and sunflower, 
respectively, while the water potential dropped from -5.5 to -
18.3 bars and -4.0 to -16.5 bars, for soybean and sunflower at 
those days, respectively. It is apparent that water deficit 
lead to lowered leaf water potentials and consequently to 
partial stomatal closure (Brady et al., 1975; Sionit and 
Kramer, 1977; Wien et al., 1979; Carlson et al., 1979; and 
Jung and Scott, 1980). In Figures 6 and 7, the stomatal 
resistance increased rapidly for both species during water 
stress, which indicated that stomata was partially or fully 
closed as the stress continued. The partial stomatal closure 
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in turn, lowered photosynthesis, transpiration, growth and 
yield (Beardsell et al., 1973). Furthermore, stomatal closure 
of leaves in sunlight is also reported to result in increased 
leaf temperature if other influences, such as wind speed and 
vapor pressure remain relatively constant (Ehrler et al., 
1978; Teare and Kanemsu, 1972). In addition, working with 
wheat (Jackson et al., 1977), and soybean (Jung and Scott, 
1980; Reicosky et al., 1980) showed that midday canopy 
temperature of well watered plants remains 2 to 7 C below air 
temperatures. However, as the water supply became limiting, 
canopy temperatures of stressed plants were similar to or 
greater than air temperatures during the middle of the day. 
Figure 11 showed clearly that leaf temperatures were 2 to 3 C 
lower than air temperature for both species. As desiccation 
developed, leaf temperatures increased rapidly, and soybean 
leaf temperatures were higher than air temperature, whereas 
sunflower leaf temperatures were similar to air temperature. 
The leaf temperature increases were accompanied by decreases 
of water potential (Fig. 1), transpiration (Fig. 10), and 
increased stomatal resistance (Figs. 6 and 7). The lesser 
leaf temperatures of sunflower than that of soybean were due 
to the differences in the above factors. Due to greater rates 
of transpiration and therefore greater cooling the leaf 
temperature of sunflower without stress was always about 26 to 
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28 C when air temperature was at 30 C and CER of sunflower is 
at a maximum at about 28 C (Robinson, 1967). 
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CHAPTER 2 
AN IMPROVED METHOD FOR PURIFICATION AND QUANTIFICATION 
OF ABSCISIC ACID FROM GREEN TISSUES BY HPLC AND GC-MS 
Introduction 
Many papers on methods for determining ABA have been 
published in recent years (Anderson et al., 1978; Archbold 
and Dennis, 1984; Vaughan and Milborrow, 1984; Neill and 
Horgan, 1985; Guerrero and Mullet, 1986; Vine et al., 1987; 
Funada et al., 1988). However, most of these papers deal with 
either seeds (Subbaiah and Powell, 1987; Neill et al., 1986), 
or roots (Rivier et al., 1977; Watts et al., 1987), or fruits 
(Bangerth, 1982) but not highly pigmented green tissues. In 
addition. The procedures for extraction, purification, 
internal standard methods and instruments such as HPLC or GCMS 
have varied by different workers. A very few GCMS methods for 
highly pigmented green foliar tissues have been described. 
The objective of this study was to provide an improved 
purification, rapid, and sensitive method for quantifying ABA 
from highly pigmented green tissues such as soybean and 
sunflower leaves. 
67 
Materials and Methods 
Plant materials 
Seeds of soybean (Glycine max (L.) Merr. 'Amsoy 71') and 
sunflower (Helianthus annuus L. 'S-1888') were planted in the 
same 3 gallon pot with 20:40:40 of soil:moss:perlite mixture, 
with about 10 cm distance between soybean and sunflower seeds 
and with soybean seed planted 5 d earlier than sunflower in 
order to obtain a similar plant size before water stressing 
began. Thirty days after planting in greenhouse plants were 
moved into growth chamber (PGW 36 Conviron Product Co., 
Winnipeg, Manitoba, Canada) with 30/22°C day/night 
temperature, 16 h photoperiod and 500 ^E/mf PPFD. Water 
stress was employed after 3 days adaptation in growth chamber. 
Leaves of both species were removed by cutting and 5 grams of 
fresh leaves were immediately put into liquid nitrogen after 
water potential measurement. Later, the leaves were 
transferred to freezer and stored at -100 until analyzed. 
Chemical and working conditions 
Trideuterated ABA (^H-ABA) as shown in Figure 15 was 
obtained from Dr. Morgan (Dept. of Botany and Microbiology, 
University College of Wales, Wales, U.K.). Organic solvents 
used were HPLC grade. Deionized water was filtered through a 
0.45 /xm filter (Gelman Science Inc., Ann Arbor, MI). All the 
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b 
Figure 15. Structures of (a) deuterated ABA (H-ABA), 
and the positions of the deuterium atoms 
H3, and (b) natural occurring ABA (H-ABA) 
without deuterium enrichment 
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extraction and purification procedures were performed under 
dim light. 
ABA extraction and purification 
Leaf samples of each species were removed from the 
freezer and placed into a pre-chilled mortar with liquid 
nitrogen, approximately 3 g of washed sea sand (Fisher 
Scientific) was added to the mortar. The leaf sample was 
first ground to fine powder with liquid nitrogen. Then 
extracted in 80% (v/v) acetoneiHgO three times with 20 min 
each time, and a known quantity of ^H-ABA, as an internal 
standard, was added to the extract at first extraction. A 
total of 25 ml of 80% acetone was used for each one gram fresh 
tissues. The extract was filtered through two layers of 
Whatman #1 filter paper and pooled into a 250 ml pear-shaped 
flask, then reduced to the aqueous phase by a Buchi rotary 
evaporator under vacuum at 35°C. The aqueous phase was 
adjusted to pH 9.5 with NaOH and partitioned with hexane three 
times using about 5 ml per gram fresh weight in a 125 ml 
separatory funnel. The aqueous phases were pooled again while 
discard the hexane phase, and the aqueous phase adjusted to pH 
2.5 with HCl. Then the aqueous phase was partitioned against 
ethyl acetate three times using about 25 ml per 5 g fresh 
weight. The organic phase (ethyl acetate) was collected while 
discarding the aqueous phase. Then organic phase was taken to 
near dryness at 35°C in the rotary flask evaporator under 
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vacuum. The almost dried residue was dissolved in 5 ml of 70% 
methanol:0.IM acetic acid (HAC) at pH 8,5, then poured into a 
10 ml glass syringe attached to a C-18 SEP-PAK cartridge 
(Water Associates, Watertown, MA) to remove residual pigment. 
SEP-PAK was prewashed with 5 ml of 100% Methanol followed by 5 
ml of 70% methanol:0.IM HAC, pH 8.5. This step was repeated 
two more times with total elute volume under 20 mis. The SEP-
PAKs elutes were collected in a 25 ml pear-shaped flask and 
evaporated to dryness at 35°C under vacuum. The dried 
residue, which contains ABA, was redissolved in three 400 fj.1 
of 20:80% (v/v) of methanol:0.1 M HAC. The total 1.2 ml of 
washes was then loaded into a 2.0-ml injection loop and 
injected onto a 250 x 10 mm Phenomenex HPLC C^g reverse phase 
column with 5 um particle size. 
The ABA was eluted on the HPLC with a step gradient of 20 
to 100% methanol in 0.1 M acetic acid over 38 min with a flow 
rate of 2.5 ml/min. The methanol:0.IM HAC gradient for HPLC 
was shown in Figure 16 and Table 9. A fixed wavelength 
detector (Beckman model 153) at 254 nm was used. The fraction 
corresponding to the retention time of ABA (1650 - 1850 sec.) 
was collected in a clean 25 ml pear-shaped flask and dried 
with rotary evaporator at 35°C under vacuum. The residues was 
methylated by adding 1.0 ml of diazomethane for 30 min and 
following methylation the ether was removed with a stream of 
nitrogen gas (Ng)• The methyl ester of ABA (Me-ABA) was then 
10 -
10 20 30 40 60 60 70 80 90 100 
% TIME (100%=38.5 MIN.) 
Figure 16. MeOH:0.lM HAC gradient on HPLC for ABA purification 
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Table 9. Methanol: 0.IM acetic acid gradient on HPLC 
for ABA purification 
% Time % Solvent B (methanol) 
0 19.999 
5 23.786 
10 27.573 
15 31.361 
20 35.151 
25 38.939 
30 42.726 
35 45.973 
40 48.415 
45 50.853 
50 53.291 
55 55.730 
60 58.168 
65 60.607 
70 63.078 
75 67.186 
80 78.118 
85 89.053 
90 98.999 
95 76.428 
100 19.999 
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transferred to a 300 ul mine vial (Reliance Glass Works, Inc., 
Bensenville, IL) from the 25 ml pear-shaped flask with three 
washes of 70, 60 and 60 /xl of 100% methanol. The total 200 /xl 
of Methyl esters of ABA in methanol was then dried again under 
Ng. Finally, the Me-ABA residue was dissolved in 10 /il of 
100% methanol which was ready for quantitative analyses by GC-
MS. The summary of the extraction, purification, and 
quantification procedures is shown in Figure 17. 
Quantitation of ABA bv GCMS-SIM 
A gas chromatograph linked to a mass-selective detector 
(GC-MS)(Hewlett Packard model 5890 and 5970, respectively) was 
used for ABA analysis. The carrier gas was helium at a flow 
rate of 28 cm^/min. The GC with silica capillary columns was 
programmed for a linear temperature gradient from 100°C with a 
10°C/min increment to final temperature of 250°C at 15 min. 
and maintained at this temperature for 5 min. (20 min. total 
for each run). 2 /Ltl of sample was injected into GC using a 10 
ul syringe with splitless injection. The selected ion 
monitoring (SIM) model was run in mass selective detector and 
the four abundance of ions current of 162 and 190 atomic mass 
units (AMU) for ^H-Me-ABA, at 165 and 193 AMU for ^H-Me-ABA, 
respectively were monitored. An analyses program was written 
for GCMS systems to calculate the peak areas of the ions. The 
Me-ABA and ^H-Me-ABA had retention times between 14.40 to 
14.50 min. Each sample was duplicated on GCMS, so the average 
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5 g leaves + ^H-ABA (internal standard) 
80 % acetone (3 times) 
1 
Discard 
residual 
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Reduce to 
4. 
aqueous 
1 pH 9.5 
1 I PARTITION (3 times) I 
Discard (Hexane) Ameous phase 
hexane phase f pH 2.5 i 
1 
Discard 
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(ethyl acetate pH 2.5) 
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dry 
; 
70% MeoH 
1 pH 8.5 I I 
Discard 
C-18 SEP-PAK I 
Elute 
i 
dry I 
20% MeoH I 
Discard 
Figure 17. 
HPLC C-18. column 4 
(20 - 100% MeoH Gradient) ABA fraction I 
dry 
I 
Methylation 
(diazomethane 30 min.) I 
dry; N-I 
in 200 /il 100% MeoH I 
dry, N-
Final in 10 Ml 100% MeoH 
1 
GC - MS 
(^H-methyl ABA Ions 165,193) 
(^H-methyl ABA Ions 162,190) 
Flow diagram of the extraction, separation, 
purification, and quantification of ABA 
from soybean and sunflower leaves by using 
H-ABA as internal standard 
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ABA was reported with two of each 165/162 and 193/190 ion 
ratio in calculations, respectively. The ABA amount of leaves 
on ng/g bases was calculated by isotope dilution equations 
(Magnus et al., 1980) as following: 
Equation 1 Y = X [(ci/cf) - 1] 
Where: Y = amount of naturally occurring ABA (in ng) 
X = known amount of H-ABA added to sample as 
internal standard (in ng) 
Ci = initial concentration (%) of ^H-ABA before 
adding ^H-ABA 
= 100% 
Cf = final concentration (%) of ^H-ABA after 
adding ^H-ABA 
= 2-Me-ABA peak area x 100% 
^-Me-ABA peak area + ^H-ABA peak area 
X was always determined in a parallel run for each set 
of determination. A known exact amount of ^-H-ABA (Y) was 
added to a estimated amount of ^H-ABA (X, the exact amount was 
T_ o 
unknown). The H- and H-ABA were mixed and methylated, then 
processed through GCMS. The X was then calculated by 
rearranging equation 1 to obtain the following: 
Equation 2: X = Y 
[(ci/cf) -1] 
Therefore, with the amount of ^H-ABA (X) known, the 
amount of ^H-ABA in leaf sample can be calculated. 
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Results 
The retention time of ^H-ABA and commercial ^H-ABA 
(Sigma Scientific) in the standard run in GCMS can be seen in 
Figures 18 and 19. It shows clearly that both forms of ABA 
had the same retention time between 14.40 - 14.50 min. So, 
identifications of sample ABA was based on the retention times 
relative to that of standard ABA. 
In addition, to further confirm ABA of tissue samples 
which we determined although our sample extract showed the 
same retention time as that of ^H-ABA and commercial ^H-ABA, 
the leaf extract of both soybean and sunflower were run 
separately without added ^H-ABA as internal standard on GCMS 
with scanning between 50 and 300 AMU range. Compared with the 
10 most abundance ions of reference ABA fragments. Figure 20 
shows that the mass spectrum of leaf ABA extract was a 99.14% 
match of the fragmentation patterns of reference ABA. 
For soybean and sunflower results. Figures 21 and 22 
also show clearly that the organic solvent partitioning of 
extract had much purified ABA and there was less interaction 
with other substances for both soybean and sunflower. 
Especially examination of ion chromatograph at retention times 
tween 13.00 to 16.00 min. showed that Me-ABA had a retention 
time of 14.43 min with a dominant peak. Less than 10 other 
peaks are shown in this range. This indicates that the 
purification by this assay method is excellent. In addition. 
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Figure 18. Typical GC elution profile of commercial ABA 
and H-ABA in standard run with double ion 
monitoring 
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Figure 19. Detailed typical GC elution profiles for 
commercial ABA and ®H-ABA with double ion 
monitoring between 13.0 and 16.0 min. 
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Figure 20. Mass spectrum of soybean and sunflower leaf 
sample compared with that of reference ABA 
with scanning run at 50-300 AMU range, 
with a reliability of 99% 
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Figure 21. Typical GC elution profile by double ion 
monitoring for ABA used H-ABA as internal 
standard in soybean and sunflower leaves 
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Figure 22. Detailed typical GC elution profiles for ABA 
with double ion monitoring between 13.0 and 
16.0 min., using ®H-ABA as internal standard, 
in samples from soybean and sunflower leaves 
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since all extraction and purification procedures were done 
under dim light, the trans-ABA, which has retention time 
longer than 15.00 min., were almost not detectable. This 
indicates that the procedures effectively prevented the cis-
ABA from photoisomeration to trans-ABA. From Figures 21 and 
22, both soybean an sunflower leaf ABA were purified very 
well. It indicates that the assay procedures can purify and 
quantify ABA from highly pigmented green tissue successfully. 
In addition, the ABA detection limit by this procedures 
was found to be as low as about 2 ng which is adequately 
sensitive for measuring ABA from green tissues. 
Discussion 
In this study, the assay procedures developed for ABA 
extraction, purification, identification, and quantitation 
offer several advantages. Firstly, deuterated ABA is an 
excellent internal standard, and the methylated ABA was useful 
for identification purpose on GCMS, especially by selected ion 
monitoring at two major fragments ion pairs of 165/162 and 
193/190. Although the pentafluorobenzyl ester of ABA is more 
sensitive to electron capture detection than the methyl ester 
of ABA (Michler et al., 1986), it does not have intense ions 
in a high mass region, and so, it is less useful for GCMS-SIM 
quantitation (Funada et al., 1988). Secondly and more 
importantly, our present techniques showed a high specificity 
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and sensitivity for ABA identification and quantitation. This 
can be seen clearly in Figures 18 to 22, especially in 
Figure 22, ABA showed the only dominant peak as well as a low 
ABA detection limits. Thirdly, our techniques are more time 
efficient compared to other methods reported. In our method, 
the extraction of ABA from leaf tissue takes only 1 hour, and 
the total time required for one sample from extraction to 
finished GCMS analysis takes only about 8 hours, much shorter 
than that of others. Instead of 1 hour for ABA extraction 
from plant tissue, other methods required much longer times 
for extraction such as 12 hours (Guerrero and Mullet, 1986), 
or 15 hours in darkness (Bangerth, 1982), or 24 hours in 
darkness (Watts et al., 1983; Subbaiah and Powell, 1987; Vine 
et al., 1987; Funada et al., 1988). In addition, our method 
is relatively simple, only several steps of organic solvent 
partitioning and on step of HPLC, whereas for other methods, 
extra centrifuge steps (Neill and Morgan, 1985; Subbaiah and 
Powell, 1987), or two HPLC steps (Guerrero and Mullet, 1986) 
were used as well as other steps. 
It is apparent that the procedure developed here provided 
a relatively quick, efficient, simple, and reliable method for 
extraction, purification and quantitation of ABA from highly 
pigmented green tissues. It can also be used for ABA 
determinations from non-green tissues with modifications. 
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CHAPTER 3 
EFFECTS OF ENDOGENOUS AND EXOGENOUS ABA ON 
PHOTOSYNTHESIS OF SOYBEAN AND SUNFLOWER 
Introduction 
It is well documented that sunflower possesses greater 
photosynthetic capacity than soybean. Much information has 
shown that the difference in photosynthesis is due to many 
factors including enzymatic reaction efficiency, such as 
rubisco activity. However, little information on hormonal 
effects, such as ABA levels between the two species under 
water stress, have been accumulated. Many reports have shown 
that abscisic acid increases during water stress in many 
species, such as in barley fHordeum vulaare L.), soybean, 
sunflower, spinach fSpinacia oleracea L.), pea fPisum salivum 
L.) and tomato fLvcopersicon esculentum L.), and therefore, 
ABA has been believed to be responsible for many physiological 
changes in plants, especially on photosynthesis. Two 
possibilities could explain the mechanism of action by ABA on 
photosynthesis; (a), an indirect effect mediated by stomatal 
closure which cause a reduction of COg supply (Dubbe et al., 
1978); or (b). direct effect on the photosynthetic mechanism 
(Raschke and Hedrich, 1985). Cox and Jolliff (1987), based on 
their field measurement of CER of soybean and sunflower under 
irrigated and dryland conditions, have suggested that stomatal 
85 
effects were responsible for the reduction of CER in soybean, 
whereas nonstomatal effects were responsible in sunflower. 
However, the causes of the differences in stomatal effects in 
response to water stress are not clear, especially the role of 
ABA is unknown. Therefore, in this study, we hypothesize that 
different ABA levels exist between soybean and sunflower, 
especially in stressed condition, and that the ABA difference 
is one of the causes of photosynthetic difference between the 
two species. In addition, the ABA level may be higher in 
soybean than in sunflower, especially in water stressed 
condition, and the higher ABA level in soybean is responsible 
for the stomatal effects on photosynthesis. 
To test our hypothesis, this study was divided into two 
parts. In Experiment 1, the direct comparison of endogenous 
ABA level between soybean and sunflower was measured under 
water stress environment, and the relationships of endogenous 
ABA to stomatal resistance (conductance), transpiration and 
photosynthetic rate were investigated. In Experiment 2, the 
effects of exogenous ABA on leaf conductance, transpiration, 
and photosynthesis under nonstressed condition were examined. 
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These efforts were attempt to certify the relationships of ABA 
in regulating stomatal movement and photosynthesis differently 
among species. 
Materials and Methods 
Experiment 1 
Growing conditions The seeds of soybean (Amsoy 71) and 
sunflower (s-1888) were planted in the same black plastic pot, 
with soybean planted 5 days earlier than sunflower. All other 
growth conditions and management in both the greenhouse and 
growth chamber were the same as in Chapter 1. Water stress 
was also as specified in Chapter 1. 
Sampling The leaves used for measurement and sampling 
procedures were as described in Chapter 1, except that after 
leaf water potential had been measured, 3 leaves of sunflower 
and about 5 leaves of soybean were taken. Then, leaves of 
each species were cut in pieces avoiding large veins by razor 
blade and mixed well. Two 5 gram fresh weight samples of each 
species were taken by electronic balance (Mettler PC 2000, 
Mettler Instrument Corp., Switzerland), and immediately, the 
leaf area of each sample was measured with LI-3000 Potable 
Area Meter (LI-COR, Inc., Lincoln, Nebraska). After that, one 
of the 5 g leaf samples was put into a small envelope, stored 
in liquid Ng, and later transferred to freezer (Forma 
Scientific, Division of Mallinckrodt Inc., Marietta, Ohio) and 
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stored at -100 for endogenous ABA determinations. The 
other 5 g leaf sample was dried at 70 in Eguatham incubator 
(Curtin Matherm Scientific Inc., Houston, Texas) for leaf dry 
weight determination. Leaf samples for both species were 
taken from day 1 to day 5 during water stress period and 0.5, 
1, 2, 3, 6, 9, 24, 48, and 72 h after rewatering, 
respectively. 
Measurements 
a) The endogenous ABA of both species were 
quantitatively analyzed by method developed during this study 
using HPLC, and a GCMS-SIM system as described in Chapter 2. 
b) Leaf water potentials and photosynthetic 
parameters were measured as described in Chapter 1. 
Experiment 2 
Growing conditions In this experiment, all greenhouse 
growing conditions were as in Chapter 1, with the exception 
that seeds of soybean and sunflower were planted in separate 
8 liter black plastic pots. A total of 32 pots with 16 pots 
for each species were used. Plants were thinned to one per 
pot at VI stage, and the care of plants was as in Chapter 1 
until moved into growth chamber. In the growth chamber plants 
were kept well watered throughout the experiment, where 
chamber temperature was set to 30/20'C for day/night, 
respectively, and 24 h photoperiod. Other conditions were as 
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in Chapter 1. After 3 days of adaptation in growth chamber, 
the exogenous ABA treatments were ready to employ. 
Experiment layout The experiment was a split-split-plot 
randomized block design with measuring time, crops, and ABA 
treatments representing the main, split, and split-split plot, 
respectively. Four pots (replications) were in each ABA 
treatment. 
ABA treatments In this experiment, three ABA 
concentrations with 20, 100 and 500 uM plus control (distilled 
water) were used. The ABA, white crystal with 99"*"% pure, was 
purchased from Sigma Chemical Co. (P. 0. Box. 14508, ST. 
Louis, MO 63118-9974). For making 500 ml of 500 uM solution, 
66.078 mg of ABA was weighed carefully by Miller analytical 
balance and a small amount of 0.3 N NaOH was added to water to 
aid the solubility of ABA. After the ABA crystals dissolved 
the volume was adjusted to 500 ml. Then, 100 and 20 uM ABA 
solutions were made by dilution from 500 uM solution. In 
order to prevent photoisomeration, dim light was used during 
preparation of the ABA solutions. For each treatment, 4 pots 
of each species were used and leaves used for treatment were 
the upper 5 full expanded and illuminated leaves. Each 
concentration was applied by spraying both side of the leaves 
until wet. 
Sampling and measurements Plant samples were taken 
before treatment and at 5, 10, 20, 30, 40, 50, 60 and 70 h 
89 
after treatment for both species. The stomatal conductance 
(resistance), transpiration rate and photosynthetic rate were 
measured as specified in Chapter 1. 
Results 
Experiment 1 
The endogenous ABA concentrations on leaf fresh weight 
(FW), dry weight (DW), and leaf area (cmf) bases for both 
soybean and sunflower during water stress and after rewatering 
can be seen in Table 10 and Figures 23 to 27. The results of 
the analyses of variance is given in Table 11. It is clear 
that ABA contents were strongly affected by water stress and 
significant changes of ABA patterns were shown in this study. 
A statisticaly significant difference (at the 0.01 level of 
probability) between soybean and sunflower in endogenous ABA 
either on fw, or dw, and on a leaf area bases was found. 
Higher ABA content was found in soybean than that in sunflower 
during water stress. On fresh weight bases in Figures 23 and 
24, ABA did not change very much during first two days of 
stress, 142 and 177 vs 115 and 154 ng/g fw for soybean and 
sunflower at day 1 and day 2, respectively. However, as 
desiccation continued, the ABA contents of soybean increased 
dramatically from day 3 to day 5 of stress, which was 
paralleled by leaf water potential decreases. The ABA 
increased to as high as 1022 and 2044 ng/g fw at day 3 and day 
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Table 10. Effects of water stress on leaf endogenous ABA of soybean and sunf 
ABA (ng.g"l.fw"l) 
Crop D1 D2 D3 D4 D5 0.5h Ih 2h 3h 6h 
Soybean 142 177 1022 2044 2326 1829 1444 1147 942 518 
Sunflower 110 137 363 618 722 652 475 387 397 233 
ABA (ng.g"^.dw"l) 
Soybean 573 777 4389 6266 8196 7434 6332 5058 4096 2190 1 
Sunflower 751 955 2000 2936 3599 3362 2775 2279 2256 1295 
ABA (ng.cin"^) 
Soybean 2.64 2.94 13.6 23.9 34.5 31.4 25.2 21.8 17.3 10.2 9 
Sunflower 2.13 2.51 7.12 11.2 16.6 14.6 9.07 7.47 8.12 4.46 3 
D = day of stress, h 
fw = fresh weight, dw 
= hour after rewatering 
= dry weight, cm" = leaf area 

1 leaf endogenous ABA of soybean and sunflower 
ABA (ng.g"^.fw~^) 
D5 0.5h Ih 2h 3h 6h 9h 24h 48h 72h 
2326 1829 1444 1147 942 518 430 218 197 250 
722 652 475 387 397 233 187 158 139 161 
ABA (ng.g'^.dw""^) 
8196 7434 6332 5058 4096 2190 1737 906 713 854 
3599 3362 2775 2279 2256 1295 986 790 695 747 
ABA (ng.cm"^) 
34.5 31.4 25.2 21.8 17.3 10.2 9.91 5.43 4.86 4.43 
16.6 14.6 9.07 7.47 8.12 4.46 3.89 3.34 2.91 3.68 
rewatering 
, cm" = leaf area 
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Figure 24. Changes of endogenous ABA in soybean and 
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Table 11. Mean squares from analyses of variance for endogenous 
ABA of soybean and sunflower during water stress 
Source of 
variation df FW DW cm^ 
Rep 1 5510 259992 62.19 
Time 13 932434** 14668115** 236.55** 
Error a 13 68087 1493707 27.84 
Crop 1 4509525** 40832985** 886.85** 
Crop*Time 13 298891** 2889928** 43.02* 
Error b 14 19985 482967 17.07 
FW, DW = leaf fresh and dry weight, respectively, 
cm = leaf area, 
*,** indicate significance at the 5% and 1% probability level, 
respectively. 
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4, respectively, and reached to highest of 2326 ng/g fw at day 
5 of stress with water potential as low as -18.3 bars, whereas 
although ABA also increased rapidly in sunflower with water 
potential decreases, the ABA contents were much lower than 
that of soybean, only 401, 587, and 720 ng/g fw at day 3, 4, 
and 5 of stress, respectively. Soybean showed a 3.2 fold 
higher ABA content than sunflower at day 5. After rewatering 
the amount of ABA in soybean decreased rapidly, a 30% decrease 
(21.4%/h) during the first hour after rewatering. Yet ABA 
levels were still much higher in soybean with 1829, 1444, and 
1147 ng/g fw at 0.5, 1, and 2 h after rewatering, 
respectively, whereas sunflower had only 652, 476, and 387 
ng/g fw for those times, respectively. Furthermore, ABA of 
sunflower had nearly returned to the predesiccation level at 
about 9 h after rewatering whereas ABA of soybean was still 
3.0 fold higher than its predesiccation levels. 
On dry weight bases in Figure 25, the changes in ABA 
trends were similar to that on fresh weight bases. ABA 
reached 8196 ng/g.dw in soybean at day 5 of stress, but 
sunflower were less than half of that in soybean, only 3600 
ng/g.dw. The more detailed change trends of ABA on both fresh 
and dry weight bases after rewatering can be seen clearly in 
Figure 26. 
Comparing ABA contents on leaf area bases in Figure 27, 
soybean also had consistently higher ABA levels than sunflower 
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in water stress conditions, although they had similar contents 
at day 1 and day 2, with 2.64 and 2.94, 2.13 and 2.50 ng/cm^ 
for soybean and sunflower, respectively. However, with more 
stress, ABA per unit area increased rapidly, especially at day 
5 of stress, ABA in soybean reached as high as 34.5 ng/cm^, 
whereas only 16.6 ng/cm^ in sunflower. Furthermore, even at 9 
h after rewatering, ABA in sunflower was only 3.9 ng/cm^, very 
close to the predesiccation level, but ABA in soybean was 9.9 
ng/cm^, 2.5 times higher than that in sunflower. 
The relationships between ABA and water potential, 
photosynthetic rate and stomata1 resistance were shown in 
Figures 28, 29, and 30, respectively. ABA and water potential 
were negatively correlated for both species, with r = -0.772, 
and r = -0.82 for soybean and sunflower, respectively. ABA 
changes paralleled with the changes of water potential. The 
lower the leaf water potential, the higher amount of leaf ABA. 
It was also clear that ABA had effects on stomata and 
photosynthesis in both species, especially in soybean because 
although water potential returned nearly to predesiccation 
level in few hours after rewatering in both species, however, 
the higher stomata1 resistance with low CER in soybean was 
paralleled with the higher ABA contents. Even at 6 h after 
rewatering, for example, soybean still had stomatal resistance 
of 3.13 s/cm and low CER of 5.3 uM COg /m^.s with the ABA 
contents of 518.2 ng/g.fw, about four times higher than 
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predesiccation level. In contrast, sunflower had relatively 
low stomatal resistance of 0.81 s/cm, and higher CER of 8.25 
uM COj/m^.s with much lower ABA contents, only 232.8 ng/g.fw 
at 6 h after rewatering. A negative correlation between ABA 
and CER were shown for both species, a r = -0.71, and 
r = -0.85 for soybean and sunflower, respectively. 
Experiment 2 
Species responded to exogenous ABA and the ABA 
concentration effects were clearly shown in this experiment 
The changes of photosynthetic rates of soybean after ABA 
treatment can be seen in Table 12 and Figure 31. Compared to 
control after applied ABA, the photosynthetic rates of soybean 
were decreased with the increased ABA concentration. There 
was a significant differences in CER of soybean in responsible 
for ABA concentrations (Table 13). For example, the CER were 
6.33, 5.92, and 4.51 uM COg/m^.s, a 25%, 34%, and 49% decrease 
at 5 h after treatment for 20, 100, and 500 uM ABA treated 
soybean, respectively. CER continued to decline for 10 h 
after being sprayed with ABA and dropped to rates of only 
6.19, 5.92 and 3.63 uM COg/m^.s for 20, 100, and 500 uM ABA 
treated soybean, respectively. After 10 h, although 
photosynthetic rate increased in ABA treated soybean, CER 
rates were still consistently lower than control even at 70 h 
after treatment, with similar trends of photosynthetic rates 
Table 12. Effects of exogenous ABA on CER of soybean and sunflower 
Time after ABA spraying (h) 
Crop 10 20 30 40 50 60 70 
control 9.46 8.88 6.76 9.01 7.38 8.52 7.02 8.44 9.48 
Soybean* 20uM 9.46 6.82 6.11 7.05 6.17 7.93 6.96 7.04 8.51 
lOOuM 9.46 5.47 4.27 5.83 6.03 6.30 6.19 5.55 7.74 
500UM 9.46 4.95 3.44 5.39 4.61 4.98 5.02 5.24 6.56 
Sunflower* 
control 10.86 11.45 10.36 11.66 11.98 12.42 12.36 
20uM 10.86 11.08 10.27 10.51 9.79 10.78 10.30 
lOOuM 10.86 9.32 8.59 9.69 9.69 9.87 11.26 
500UM 10.86 7.18 6.58 9.27 8.65 9.59 9.57 
11.99 11.85 
11.65 11.39 
11.52 11.45 
10.76 10.19 
control 8.28 8.14 7.77 7.92 7.83 7.73 8.04 8.09 9.52 
Soybean** 20uM 7.41 5.82 6.27 6.79 6.29 6.99 6.79 7.65 7.45 
lOOuM 8.42 6.21 5.73 7.26 6.79 7.23 7.04 6.77 6.73 
500UM 8.18 4.06 3.83 4.28 3.64 4.46 4.53 5.97 5.46 
H 
o 
h 
control 9.43 9.65 9.00 9.38 9.38 7.69 9.03 8.25 10.20 
Sunflower** 20uM 9.07 8.91 8.63 9.54 9.14 8.62 8.87 10.02 9.57 
lOOuM 9.70 8.10 8.59 8.78 7.89 9.13 8.25 8.55 8.35 
500UM 9.65 6.78 7.51 8.09 7.52 9.14 10.10 8.05 8.88 
* experiment 1, ** experiment 2. 
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Figure 32. Effects of exogenous ABA on CER of sunflower 
Table 13. Mean squares from analyses of variance for exogenoues ABA 
spraying experiments 
Experiment 1 Experiment 2 
Source of 
variation df CER CD E CER CD E 
Rep 3 2. 01 0. 016 1.895 9 .91 0 .056 2. 22 
Time 8 26. 25** 0. 517** 18 .56** 8 .85** 0 .352** 7. 41** 
Error a 24 0. ,87 0. ,019 0 .70 1 .84 0 .018 0. 54 
Crop 1 916. ,16** 8. ,296** 500 .13** 323 .22** 24 .068** 769. ,12** 
Crop*Time 8 8. ,19** 0. ,237** 5 . 45** 1.22 0 .163** 1. ,00 
Error b 27 0. 86 0. 013 0 .53 2.18 0 .028 0. 48 
TRT 3 90. 38** 0. 633** 40 .38** 47.75** 0 .875** 33. 49** 
TRT*Time 24 2, .69** 0. 023** 1 .21** 2.90** 0 .069** 0. 99** 
TRT*Crop 3 1. 38 0. 115** 0 .47 20.51** 0.247** 2. 03** 
TRT*Time*Crop 2 0 .98 0 .001 0 .62 1.20 0.055 0, .58 
Error c 162 0 .96 0 .011 0 .43 1.35 0.020 0 .37 
CER = CO, exchange rate, CD = conductance, E = transpiration rate, 
*, ** inaicate significance at the 5% and 1% probability level, respectively 
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shown by 2 0 ,  and 100 xiM ABA treatments. However, in 500 uM 
ABA treatment, photosynthetic rate was much lower than the 
other two concentration treatments. The CER were consistently 
below 5 uM COj/m^.s up to 50 h after treatment and even at 70 
h after treatment, CER was only 6.10 uM COj/m^.s, only 64%, 
76%, and 84% compared to control, 20 and 100 uM ABA 
treatments, respectively. During the whole experiment CER was 
43% lower in 500 uM treatment than that in control with a 
overall mean of 4.79 vs 8.38 uM COg/m^.s for 500 uM treatment 
and control, respectively. In contrast to soybean, changes in 
photosynthetic rate of sunflower after ABA application were 
different (Table 12 and Fig. 32) although sunflower also 
showed a ABA concentration effects. However, sunflower had a 
substantially higher CER all the time than soybean for in all 
ABA treatments. Sunflower showed less sensitive to ABA than 
soybean, at least for lower ABA concentration because CER for 
20 uM ABA treated leaves were almost the same as that of 
control all the time, an average of 9.94 vs 10.39 uM COg/m^.s 
for 20 uM treatment and control, respectively. However, 
larger but similar trends of photosynthesis were shown for the 
100 and 500 uM treatments. For both concentrations, CER 
values decreased to their lowest at 5 h after treatment, with 
rates of 8.71 and 6.98, or 16% and 47% decreases compared to 
control, for 100 and 500 uM treatments, respectively. CER 
remained at these low rates to lOh. After that, CER 
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Figure 33. Effects of exogenous ABA on CER of soybean 
and sunflower at concentrations of 100 and 
500 uM ABA 
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recovered until after 40 h, CER had almost returned to control 
level for both 100 and 500 uM treated sunflowers, with rates 
of 9.45, 9.35, and 10.07 UM COj/m^.S for 100, 500 uM 
treatments and control, respectively. 
For comparisons of CER changes of the two species after 
ABA treatment, it is clear in Figure 33 that for both 100 and 
500 uM treatments, the CER values for sunflower had nearly 
fully recovered 40 h after ABA had been applied, whereas 
soybean had not returned to control level even 70 h after 
treatment, especially for the 500 uM ABA treatment. 
Similar to CER, leaf conductance also showed a different 
trends between soybean and sunflower (Figs. 34 and 35). For 
soybean, the significant concentration effects of ABA on 
conductance were clearly shown in Figure 34 and Tables 13 and 
14. The greater the concentration of ABA applied, the lower 
the stomatal conductance which was accompanied with a lower 
CER. For example, conductance decreased to 0.22, 0.16, and 
0.14 cm/s at 5 h after treatment for 20, 100, and 500 uM 
treatments, respectively, and remained at these low values 
until 10 h after treatments. But after that, conductance of 
20 uM treated gradually increased, which was accompanied with 
CER recovery. However, with 500 uM ABA treatment, stomatal 
conductance remained the low value of 0.14, 0.13, 0.13, 0.15, 
and 0.12 cm/s at 5, 10, 20, 30, and 40 h after treatments, 
respectively. Although the conductance increased after that. 
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Table 14. Effects of exogenous ABA on stomatal conductance of soybean and sunflower 
Time after ABA spraying (h) 
Crop 0 5 10 20 30 40 50 60 70 
control 0.43 0.25 0.20 0.32 0.20 0.33 0.37 0.21 0.41 
Soybean* 20uM 0.43 0.19 0.18 0.25 0.19 0.27 0.32 0.18 0.38 
lOOuM 0.43 0.15 0.16 0.16 0.17 0.16 0.27 0.14 0.38 
500UM 0.43 0.12 0.13 0.12 0.13 0.11 0.21 0.13 0.20 
control 0.52 0.72 0.61 0.65 0.54 0.63 1.22 0.72 1.02 
Sunflower* 20uM 0.52 0.49 0.56 0.52 0.45 0.43 0.97 0.61 1.06 
lOOuM 0.52 0.36 0.42 0.38 0.48 0.41 0.87 0.60 0.88 
500UM 0.52 0.23 0.30 0.34 0.37 0.32 0.66 0.37 0.65 
control 0.34 0.45 0.30 0.30 0.33 0.28 0.45 0.37 0.43 
Soybean** 20uM 0.34 0.24 0.26 0.28 0.32 0.28 0.37 0.35 0.39 
lOOuM 0.30 0.18 0.17 0.26 0.24 0.19 0.32 0.24 0.29 
500UM 0.36 0.15 0.12 0.13 0.16 0.14 0.17 0.21 0.25 
control 0.90 1.06 0.93 1.00 1.03 0.49 0.63 0.56 1.18 
Sunflower** 20uM 1.21 1.09 1.01 1.16 1.16 0.51 0.89 0.85 1.44 
lOOuM 1.08 0.66 0.67 0.91 0.67 0.71 0.83 0.98 1.19 
500UM 0.94 0.40 0.37 0.58 0.58 0.57 0.80 0.72 0.88 
* experiment 1, ** experiment 2. 
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it did not return to control level, even at 70 h after 
treatment. On the other hand, for sunflower in Figure 35, 
stomatal effects by ABA were not as strong as soybean, 
especially at low ABA concentration because the conductance 
showed a similar values between control and 20 uM ABA 
treatment at all the times (Fig. 35). However, the 
significant ABA concentration effects were also in sunflower 
(Table 13). For the higher ABA concentration treatments, 
conductances were decreased. At 5 h after treatment, for 
example, stomatal conductance dropped to 0.59 and 0.32 cm/s, 
or 26% and 56% decreases compared to before treatment, for 100 
and 500 uM ABA treatments, respectively. But, conductance 
increased gradually after 10 h and returned close to the 
control level for sunflower leaves treated with both 
concentrations of ABA. The changes in stomatal conductance 
correspond well to the changes of CER. 
For comparing the 100 and 500 uM ABA treated leaves, 
sunflower had consistently higher stomatal conductance than 
that of soybean in all concentrations (Fig. 36). Although 
both soybean and sunflower showed concentration effects of 
ABA, stomatal conductance of sunflower increased close to the 
control level after 40 h treatment, whereas stomatal 
conductance of soybean did not increase very much even at 70 h 
after treatment. 
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Figure 36. Effects of exogenous ABA on stomatal 
conductance of soybean and sunflower at 
concentrations of 100 and 500 uM ABA 
Ill 
The trends of leaf transpiration were similar to that of 
stomatal conductance for both species since leaf transpiration 
largely depends on stomatal aperture. For soybean, it showed 
a significant ABA concentration effects (Table 13), the 
transpiration rate decreased with increased ABA concentration. 
With 20 uM ABA treatment (Table 15 and Fig. 37), transpiration 
began to increase after 10 h and returned close to the control 
level after 40 h treatment. However, with 500 uM treatment, 
the transpiration rate decreased to as low as 3.36 mM 
HgO/m^.s, a 37% decreased, at 5 h after treatment, and 
maintained the low rates to 40 h. Although it increased after 
that, the transpiration rate was still lower than control, 
even at 70 h after treatment, with rates of 4.48 vs 6.65 mM 
HgO/m^.s for 500 uM treated and control, respectively. For 
sunflower, it also showed ABA concentration effects (Fig. 38 
and Tables 13 and 15). However, the transpiration of 
sunflower increased after 10 h and nearly returned to control 
level after 40 h whereas soybean transpiration, especially for 
500 uM ABA, remained low even at 70 h after treatment. The 
comparisons of transpiration changes in 100 and 500 uM ABA 
treated soybean and sunflower in Figure 39 showed similar 
trends to that of their stomatal conductance and of CER. The 
higher CER in sunflower was related to higher leaf 
transpiration and stomatal conductance rates than those in 
soybean. 
Table 15. Effects of exogenous ABA on leaf transpiration of soybean and sunflower 
Time after ABA spraying (h) 
Crop 0 5 10 20 30 40 50 60 70 
control 5.42 4.91 4.70 6.17 5.25 5.38 6.42 4.46 7.02 
Soybean* 20uM 5.42 4.41 4.44 4.99 4.67 5.38 5.52 3.93 6.47 
lOOuM 5.42 3.77 4.00 3.86 4.47 4.01 5.64 3.37 5.39 
500UM 5.42 3.39 3.38 3.07 3.87 3.04 4.25 3.18 4.41 
control 6.36 7.79 7.95 8.79 8.77 8.13 9.48 7.94 9.33 
Sunflower* 20uM 6.36 6.68 7.09 7.22 7.47 6.52 8.82 7.57 9.06 
lOOuM 6.36 5.55 5.75 6.50 7.44 6.59 9.17 7.86 8.99 
500UM 6.36 4.68 5.48 6.40 6.94 5.92 7.93 6.41 8.08 
control 5.38 5.58 5.57 5.14 5.97 4.87 6.83 6.03 6.08 
Soybean** 20uM 5.03 4.68 4.44 4.26 5.17 5.22 5.05 5.49 5.72 
lOOuM 5.09 4.12 3.66 4.43 4.70 4.05 5.24 4.70 4.86 
SOOuM 5.20 3.33 3.05 3.00 3.14 3.21 4.13 4.52 4.54 
control 8.46 8.70 8.28 8.28 8.90 7.79 8.47 8.14 9.36 
Sunflower** 20uM 8.72 8.38 8.42 8.68 9.10 6.95 8.46 8.05 9.18 
lOOuM 8.37 7.40 7.19 7.84 8.19 7.60 8.44 7.68 8.98 
500uM 8.39 6.42 5.80 6.86 7.25 6.75 8.36 7.30 8.03 
* experiment 1, ** experiment 2. 
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Discussion 
Water stress induced increases of ABA. The effects of 
both endogenous and exogenous ABA on photosynthesis were 
clearly shown in these experiments. 
In Experiment 1, ABA resulted in drastic increases of 
stomatal resistance for both soybean and sunflower during 
water stress. However, soybean showed consistently higher ABA 
contents than those of sunflower, which was accompanied by 
lower photosynthetic rates and lower recovery rates in 
soybean. It is apparent that the depression of photosynthesis 
during water stress had a close relationship to ABA contents 
for both species, especially for soybean. It seems that the 
consistently higher ABA contents in soybean were mainly 
responsible for the low CER. Many potential mechanisms may 
control tissue concentration of ABA, such as rate of ABA 
synthesis, catabolism, and conjugation (Harrison and Walton, 
1975; Pierce and Raschke, 1981; Milborrow, 1983), rate and 
direction of ABA transport (Zeevaart and Boyer, 1984) and 
changes of cellular pH (Kaiser and Hartung, 1981; Daie and 
Wyse, 1983). Alterations in any of the above factors would 
change the ABA contents in the tissue. Hubick and Reid (1988) 
showed results to support above mechanisms. They reported 
that although drought promoted ABA synthesis, however, drought 
may alter the rate of turnover of ABA and its metabolites, 
because in their experiment water stress altered the quantity 
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of radioactive metabolites and reduced the amount of 
radioactive ABA in the extracts from the stressed sunflower. 
The stress induced increases in ABA are due to local control 
over biosynthesis, catabolism, and conjugation. It appears 
that the much lower ABA contents in sunflower may be due to 
the lower rate of ABA synthesis, or higher catabolism, or 
higher conjugation rate, or faster transport rate, either one 
or all of them. 
In addition, the consistently higher stomatal resistance 
of soybean, which resulted from greater ABA contents, 
indicates stomatal effects on photosynthesis. The 
relationship between ABA and stomatal resistance strongly 
implicates that ABA was the messenger coordinating stomatal 
resistance with photosynthetic capacity of the mesophyll of 
soybean. These results are in agreement with the work of Cox 
and Jolliff (1987), who showed that under water stress 
condition, the reduction of photosynthesis in soybean was due 
to stomatal effects, whereas nonstomatal effects was evident 
in sunflower. 
Although ABA is very mobile in plant tissue, however, 
about 90% of ABA contents in mesophyll cells is located within 
the chloroplasts (Heilmann et al., 1980) because ABA 
accumulated in the alkaline chloroplast as the impermeable 
ABA" anion (Hartung et al., 1981). However, for controlling 
stomata, ABA must move out of chloroplast and into guard cell. 
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It is apparent that change in stromal pH occurred during water 
stress so that protonated ABA can cross the chloroplast 
membrane freely. If the decreased photosynthetic rate is 
associated with decreased stromal pH, then ABA release from 
chloroplast would increase. Cowan et al. (1982) calculated 
that the stromal acidifications resulted from a light-dark 
transition should greatly increase in release of ABA to which 
guard cells are exposed. These evidences indicated that the 
difference in ABA contents between soybean and sunflower 
during water stress may also be due to the differences in pH 
changes, especially in chloroplast stroma. It seems likely 
that the stromal pH of chloroplast in soybean leaf becomes 
more acid than in sunflower, and thereby more ABA would be 
released from the chloroplast and move into guard cells, 
which would finally result in stomatal closure and reduced 
photosynthesis. On the other hand, the high ABA in 
chloroplast may also have direct effects on photosynthesis 
although this point is still unclear, and the acidification of 
chloroplast stroma itself could reduce photosynthesis since 
rubisco activity is high only in alkaline condition at pH 
about 8.4. 
In Experiment 2, the direct effects of ABA on stomatal 
conductance and photosynthesis were clearly shown by applied 
exogenous ABA. The results certified that the depression of 
photosynthesis caused by ABA was due to stomatal effects, at 
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least for soybean, because the stomatal conductance decreased 
rapidly and remained at low value for a long time after ABA 
treatment. The results also showed concentration effects of 
ABA on stomatal conductance. That is, the greater amount of 
ABA applied, the lower the stomatal conductance, which 
resulted in lower photosynthetic and transpiration rates. The 
trends were well in agreement with the results in experiment 
1. It appears that soybean stomata are more sensitive to 
either endogenous or exogenous ABA than sunflower stomata. 
For example, at lower concentration of applied ABA, such as 20 
uM, photosynthesis of sunflower was not affected since the 
stomatal conductance was almost the same as control. 
Although photosynthesis was depressed at higher ABA 
concentrations, which was accompanied with low stomatal 
conductance, CER in sunflower recovered more rapidly than that 
of soybean. It is apparent that the different pattern in 
response to exogenous ABA between soybean and sunflower may be 
due to the differences in rates of absorption, sensitivity, 
and metabolism. Hubick and Reid (1988) found that within 24 h 
of application of radioactive ABA to various organs of 
sunflower, the extracts from drought stressed plants always 
had less of original radioactive ABA than did the control. 
They concluded that stress increased the rate of disappearance 
of the exogenous ABA. It is likely that sunflower had higher 
metabolic rates than that of soybean although other factors 
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may be involved. The mechanism may explain in Figures 31 to 
36 of Experiment 2 why sunflower photosynthesis and stomatal 
conductance recovered more rapidly than soybean 10 h after ABA 
treatment, especially the differences between the two species 
at high concentrations of ABA. 
From these experiments, it is clear that ABA is a major 
message for stomatal closure, at least in stressed 
environment. ABA is responsible for stomatal effects, which 
resulted in reduction of photosynthesis, especially in water 
stress condition. The reduction of photosynthesis by stomatal 
effects was clearly correlated in soybean and partly in 
sunflower. The cause effect aspect can be evaluated by 
physical-biochemical model of photosynthesis, however, this 
evaluation was was not conducted in this study. It is also 
clear that more work needs to be carried out on the role of 
ABA in nonstomatal effects (if any) on photosynthesis, 
particularly for sunflower. 
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SUMMARY 
Plants usually suffer water deficiency during their 
growing season. Water stress reduced photosynthesis, 
transpiration and increased drastically stomatal resistance 
and endogenous ABA in this study. The differences in response 
to water stress between soybean and sunflower were also 
evident in this study. 
As water stress occurred, especially when severe water 
stress developed, leaf water potentials decreased rapidly for 
both soybean and sunflower, which was accompanied by sharp 
increases of stomatal resistance and leaf temperature. 
Photosynthetic rate and transpiration rate decreased with 
decreases of leaf water potentials, especially when water 
potential dropped below -8 bars. Sunflower, however, had a 
consistently greater rates of photosynthesis and 
transpiration, but lower stomatal resistance and leaf 
temperature than soybean during water stress. After 
rewatering, the recovery of leaf water potentials was 
accompanied by decreases of stomatal resistance and leaf 
temperature. But, the recovery of photosynthetic rates were 
slower than that of water potentials for both species. The 
slower photosynthetic recovery may have been caused by several 
factors such as incomplete recover of enzymes or incomplete 
opened stomata. Changes of chlorophyll during water stress 
and after rewatering, especially changes of the chlorophyll 
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a/b ratio also may have been related to the slower recovery of 
CER. However, the recovery of CER was faster in sunflower 
than that in soybean. It is apparent that the differences in 
CER between the two species were due to differences in 
stomatal resistance, transpiration rate, leaf temperature as 
well as chlorophyll and protein contents. It was shown 
clearly in this study that sunflower was better adapted in 
drought environment that soybean. 
Leaf endogenous ABA increased drastically during water 
stress. The changing trend of ABA was paralleled with the 
changes of stomatal resistance and opposite with the changes 
of leaf water potential, transpiration rate, and CER. ABA 
showed a close relationships with these parameters. The 
greater the ABA contents in leaf, the higher stomatal 
resistance, and the lower leaf water potential, transpiration 
and CER. However, soybean and sunflower showed a 
significantly different increases in ABA amounts during water 
stress. Much greater amounts of ABA increased during water 
stress in soybean than that in sunflower, especially on the 
and the 5th day of stress, ABA contents in soybean reached 
to 2.3 mg.g~^.fw, which was 3.2 fold higher than in sunflower. 
The much greater ABA contents in soybean indicated that ABA 
had a major influence on the high stomatal resistance and low 
CER. It is apparent that the stomatal effects by ABA on 
photosynthesis existed in soybean. The higher soluble protein 
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contents in soybean, however, may be partly responsible for 
the high ABA contents. The lower ABA contents in sunflower 
indicated that it may have higher ABA metabolism, higher 
conjugated rate, or lower ABA synthetic rate than soybean. 
The exogenous ABA experiments also conformed the ABA 
effects on stomata and photosynthesis. The effects of ABA 
concentration showed in both soybean and sunflower. The 
higher the concentration of ABA applied the lower the rates of 
CER, transpiration, and stomata1 conductance. However, 
sunflower showed less sensitive to ABA, especially at low ABA 
concentration (20 uM), whereas soybean was sensitive to all 
ABA concentrations applied, and showed apparent stomatal 
effects on CER. The results agree well with the changes of 
endogenous ABA during water stress. ABA is related to 
stomatal closure, particularly for soybean, at least in water 
stressed condition. 
The method developed in this study with HPLC and GCMS 
system for measuring ABA showed several advantages to other 
methods reported. It provided a relatively quick, simple, 
efficient and reliable techniques for extraction, 
purification, and quantification of ABA from highly pigmented 
green tissues such as from soybean and sunflower leaves. This 
method also can be used for ABA determination from non-green 
tissues with some modification if necessary. 
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